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CIRC{O)}THERM 


Temperatures 
to 250° C. (480° F.) 


Improved Temperature Uni- 
formity. With Hevi-Duty’s “circle- 
of heat” design, there are no cold 
corners. 


Fast Heat-Up. To 200° C. in less 
than one hour. 

Low-Cost Operation on either 115 
or 230 volts. Selector switch permits 
high or low input to enclosed heat- 
ing elements. 

Durable Double-Wall Construc- 
tion. Steel outer shell is prime 


coated on both sides to prevent cor- 
rosion. 

Accurate Temperature Control 
by sensitive bulb-type thermostat 
permits little lag or overshoot. 


For complete information, write for 
Bulletin 458. 


Chamber Size Overall Di Shinn; 
Model Price Watts Volts initia 
Diameter | Depth Width | Depth | Height | Weight 
HK $169. 15 13 600 145/230 20 18 23 80 
HL $265. 20 18 1000 115 25 23 28 100 


FOR GENERAL AND SPECIALIZED LABORATORY APPLICATIONS 


HEVI-DUTY ‘Multiple Unit” 
TUBE TYPE COMBUSTION FURNACES 
in Two Temperature Ranges, 1850° F. or 2200° F. 


Hevi-Duty Combustion Tube Fur- 
naces are available in either the 
split* (illustrated) or solid type 
and can be used horizontally or 
modified for vertical operation. 
Long-life “Multiple Unit” brand 
heating units offer fast heat-up 
because the heat is radiated direct- 
ly into the heating chamber. The 
heated length may be divided for 
zone temperature control which 
gives greater temperature uniform- 
ity over a specified length. A few 
of the standard furnaces are shown 
below. Many sizes are in stock. 
Special sizes with diameters up to 
16 inches can be built to your 
specifications. 

*5-in. and smaller diameters are hinged. 


HINGED-TYPE TUBE FURNACE FOR 1850° F. 

CHAMBER RATING SHIPPING 

TYPE DIA. LENGTH WATTS WEIGHT PRICE 

70 1%,” 12” 750 35 $ 75.00 
M-2012 25," 12” 1400 90 165.00 
M-3024 3” 24” 3400 135 250.00 
M-5036- 5” 36” 7500 325 650.00 
M-8040 8” 40” 14500 520 $1180.00 


Write for Bulletin 552 
for complete details. 


A DIVISION OF ic] — BASIC PRODUCTS CORPORATION 


HEVI-DUTY ELECTRIC COMPANY, MILWAUKEE 1, WISCONSIN 
Industrial Furnaces and Ovens, Electric and Fuel * Laboratory Furnaces * Dry Type Transformers * Constant Current Regulators 
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Computer 
Program 


Abstracts 


Readers of the A.I.Ch.E. Journal 
who are interested in programming 
for machine computation of chemi- 
cal engineering problems will find in 
each issue of Chemical Engineering 
Progress abstracts of programs sub- 
mitted by companies in the chemical 
process industries. Collected by the 
Machine Computation Committee of 
the A.I.Ch.E., these programs will be 
published as manuals where sufficient 
interest is indicated. The following 
abstracts have appeared this year: 


CEP (May, 1960), p. 86 


Flue Gas Enthalpy (011) 

Thermodynamic Functions of Poly- 
atomic Gases (049) 

Numerical Solution for Certain Sys- 
tems of Differential Equations 
(051) 


CEP (June, 1960), p. 88 


Liquid-Liquid Heat Exchanger De- 
sign (052) 

Automatic Computational Procedure 
for the Thermodynamic Correla- 
tion and Prediction of Vapor-Liq- 
uid Equilibria (055) 

Design of Isothermal Batch Chemical 
Reactors (058) 


CEP (July, 1960), p. 80 


Color Properties from Bausch and 
Lomb Spectronic 20 Colorimeter 
Data (036) 

Equilibrium Constants from the 
Benedict-Webb-Rubin Equation of 
State (044) 

Selective Curve Set (053) 


CEP (August, 1960), p. 86 


Polynominal Equation Fitting (033) 

Circulation of Zimm Plot for Deter- 
mination of Polymer Molecular 
Weight from Light Scattering Data 
(046) 

Polymer Molecular Weight Distri- 
bution from Weight Average 
and Number Average Molecular 
Weights of Fractions (056) 
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Conservation and Engineering 


V. Energy Sources 


The uses of energy for transportation, space heat- 
ing, lighting, and the operation of machinery are 
enormous. The growth in the amount and variety of 
such uses seems to be almost boundless. Fifteen 
years ago, thoughtful persons were quite justifiably 
concerned with the possible exhaustion of our prim- 
ary energy sources which were and are coal, oil, and 
natural gas. Such energy sources are not inexhausti- 
ble, and the principal disagreements were as to when 
the well would go dry rather than whether or not it 
would. 


The advent of nuclear fission has, of course, 
changed all that. Recent estimates indicate that uran- 
ium and thorium reserves are equivalent to, perhaps, 
twenty times the known reserves of all fossil fuels. 
While energy thus supplied may never be as cheap 
as that from fossil fuels, it will certainly be available. 
The prospect of energy from nuclear fission, if ful- 
filled, makes idle any worry about energy sources. 
The certainty of fission and the promise of fusion 
delay important new uses of solar energy and the 
applications of the winds and tides. Thus, another 
unhappy prospect is deferred; the necessity of solv- 
ing the problem of energy storage, since sunlight, 
wind, and tides are highly irregular in supply. The 
storage of energy on the scale required for full de- 
velopment of these uneven sources is a long way 
from a satisfactory solution. Anyone who has ever 
computed the number of storage batteries or the 
height of a dam for a given storage job will agree. 
There will be problems, of course. The disposal of 
radioactive byproducts is not easy; therefore the 


Vol. 6, No. 3 


A.1.Ch.E. Journal 


ALChE. JOURNAL 


absence of this problem in fusion processes is one 
of their most appealing features. 


Since it is difficult, though not impossible, to im- 
agine a nuclear-powered automobile or truck, it is 
probable that there will be a demand for liquid fuels 
for many years. Coal, oil, and natural gas (and shale 
and tar sands as they are required) will be avail- 
able for a long time if they are conserved for this 
purpose. One can foresee a vast chemical engineer- 
ing development for the conversion of gaseous and 
solid fuels to liquids. 


One may also foretell that probably the best usé 
of our fossil fuels is a chemical raw materials for a 
large array of synthetic chemical products. It should 
be much easier to make synthetic fibers and possibly 
paper and wood substitutes for structural materials 
from coal, oil, and gas than it would be to do so from 
carbon dioxide at 400 p.p.m. in the air. It probably 
will be easier to make such things than to grow them, 
and it certainly can relieve a great drain on our for- 
ests. 


Conservation of fossil materials for automobile 
fuels and for chemical raw materials should become 
an important concern for all of us. The conservation 
of our fossil fuels for their best possible uses should 
be a great factor in accelerating the development of 
nuclear energy for electric ultilities and marine trans- 
portation. It would be tragic if such fossil materials 
were wasted as fuels when nuclear energy can sup- 
plant them. 
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*DYSTAC: Dynamic Storage Analog Computer, developed 
by CSI, incorporates high-speed repetitive capabilities with 
dynamic storage of analog data to an accuracy of 0.01% and 
with a time-base accuracy of +0.5 microsecond. This devel- 
opment has tremendously increased the versatility, economy, 
and speed of solution associated with analog computers. 

DYSTAC provides unique time-sharing of computer compo- 
nents and high speed reiterations. These features make pos- 
sible economic and rapid solution of complex problems that 
have required too many computer components or too long 
a solution time to be considered practical for either digital or 
analog techniques. Different combinations of this new devel- 
opment readily solve problems in four broad categories. 


—S COMPUTER SYSTEMS, INC., Culver Road, Monmouth Junction, N. J. * DAvis 9-2351 


A Schlumberger Subsidiary « formerly Mid-Century Instrumatic Corp. 


A MAJOR BREAKTHROUGH IN PROBLEM SOLVING 
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@ Sequential calculation, as encountered in the distillation prob- 
lem. Here, successive solutions to algebraic matrices are obtained 
from cycle to cycle at a repetitive speed of 60 cps until the 
problem is solved. 

@ Definite integral calculations. Varying definite integrals are 
evaluated from one cycle to another and held in memory for the 
successful solution of optimization problems. 

@ Rapid evaluation of multiple integrals. This technique can be 
employed for the solution of partial differential equations. 

= Transient problems and difference-differential equations are 
solved with continuous memory. 

For complete information or to arrange for a demonstration 
write, phone, or wire : 
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Limiting Velocities, Holdup, and Pressure 


Drop at Flooding in Packed Extraction 


Columns 


GOPAL VENKATARAMAN and G. S. LADDHA 


Criterion for flooding which was found to be reproducible in packed columns has been 
described. Limiting velocities, holdup, and pressure drop at flooding have been experimentally 
determined for binary liquid systems in a countercurrent extraction column packed with 
Raschig rings, Berl saddles, Lessing rings, and spheres. Generalized correlations have been 
suggested, with the experimental data taken into account along with, published data of other 
workers for the estimation of limiting velocities, holdup, and pressure drop at flooding. 


The operation of liquid-liquid ex- 
traction columns ordinarily involves 
the countercurrent flow of two immis- 
cible liquids in a tower usually packed 
with materials specially designed to 
give a large surface area with the 
minimum amount of resistance to the 
flow of liquids. For a given flow rate of 
one of the phases in a column it has 
long been recognized that there will be 
a maximum flow rate of the other 
phase, which if exceeded will result in 
accumulation of one of the phases in 
the column and failure of the column 
operation. Further, in the operation of 
these columns it is observed that a 
definite amount of the dispersed phase 
is always present in the interstices of 
the packing and the amount of the 
dispersed phase thus held up is de- 
pendent upon the flow rates of the two 
phases and other physical variables. It 
is also noticed that there is always a 
pressure drop between any two sections 
of the packed column and that the 
holdup of the dispersed phase and the 
pressure drop attain a maximum value 
at flooding. Empirical correlations re- 
lating flooding velocities in extraction 
columns have been suggested by a 
number of authors (2, 5, 7, 18, 15). 
Elgin and Browning (9) made a theo- 
retical study of spray-column opera- 
tion giving an explanation of the 
familiar square-root plots. Minard and 
Johnson (14) gave an _ improved 
theoretical analysis of spray-column 
operation by extending the theory pro- 
posed by Bertitti (3) for gas-liquid 
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absorption towers. Dell and Pratt (8) 
have reported theoretical correlations 
for flooding rates in packed columns. 
Very little information has appeared in 
literature on the determination of hold- 
up in extraction columns. Appel and 
Elgin (1) gave some data of holdup in 
the course of their work on the rate of 
extraction of benzoic acid from water 
with toluene. Pratt and co-workers 
have suggested theoretical correlations 
for the estimation of holdup in packed 
columns (15, 16). 

It has been the aim of the present 
investigation to determine the three 
important column characteristics: flood- 
ing rates, holdup, and pressure drop at 
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flooding for various conditions of flow, 
and to correlate these in terms of the 
known variables of flow, physical prop- 
erties of the liquid systems, and the 
packing characteristics. 


EXPERIMENTAL 


Apparatus 

In many of the descriptions of packed 
columns used for liquid-liquid extraction 
studies (1, 6, 16, 17), much attention has 
been focused on the design of headers and 
the distributor. Dell and Pratt (8) indicate 
that there is no justification for increasing 
the diameter of the column at the dis- 
persed-phase entry by more than 30 to 
40%. However in the present study en- 
larged endpieces were used to obviate any 
reduction in the free cross-section due to 
the presence of the packing support at the 
bottom. 

The column used in the investigation 
was a 2-in. I.D. Pyrex-glass tube, 3 ft. in 
length fitted with expanded endpieces 6- 
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Fig. 1. Experimental set up. 
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in. 1.D. at the bottom and 4%-in. LD. at 
the top. The bottom endpiece was made of 
a truncated cone mounted on a cylindrical 
endpiece. The cylindrical portions of the 
endpieces were provided with a pair of 
sight glasses at diametrically opposite ends 
and also with outlet and inlet connections. 
Pressure tappings were made in the end- 
pieces. The conical section at the bottom 
was also fitted with sight glasses for ob- 
servation of the column behavior near the 
packing support and distributor. A dis- 
tributor having 40 holes of 1/16-in. dia- 
meter was used to disperse the lighter 
phase liquid. The schematic flow diagram 
of the experimental setup is shown in 
Figure 1. 


Packing Used 


Two sizes of Raschig rings % and 
Y4-in.; three sizes of Lessing rings 3/16, 
3g, and %4-in.; %-in. Berl saddles; and 
three sizes of glass balls, %-in. 5 mm and 
8 mm. were used in this investigation. The 
physical properties of the packings are 
listed in Table 1.* In the calculation of a 
the wetted area of the column has also 
been included. 


Liquid Systems Studied 


The different liquid systems studied 
were water-methyl i-butyl ketone, 10 and 
20% glycerol with methyl i-butyl ketone, 
water-kerosene, 10 and 20% glycerol with 
kerosene, water-toluene, and nitrobenzene- 
water. The heavier phase was always made 
the continuous phase and the lighter the 
dispersed phase. Before the experiment 
was started each phase was saturated with 
respect to the other, and the physical 
properties of the saturated phases were 
determined. The values are recorded in 
Table 2.* 


Experimental Procedure 


Each time a new liquid system was 
used, the phases were circulated through 
the column until saturation was attained. 
Samples were taken out, and their physi- 
cal properties were determined. The ori- 
fice meters were then calibrated by direct 
measurement. 

The procedure for making a run was as 
follows. At first the continuous phase was 
let in and rate of flow maintained constant 
at a desired value. The dispersed phase 
was then let in and its rate gradually in- 
creased. After each change in the dis- 
persed-phase flow rate some time was 
allowed for the column operation to reach 
equilibrium, indicated by the interface at 
the top separating section being constant 
and the manometer readings also remain- 
ing constant. The dispersed-phase flow rate 
was steadily increased until the flooding 
point was reached. The flooding point has 
been described in various ways by many 
workers. In the present work the approach 
of the flooding point could easily be judged 
by the rapid increase in the manometer 
recording of the pressure drop. It was 
observed that at the flooding point a thin 
layer of dispersed phase collected and 
tended to move below the packing support. 

* Tabular material has been deposited as 
document No. 6258 with the American Documen- 
tation Institute, Photoduplication Service, Library 
of Congress, ee 25, D. C., and may be 


obtained for $2.50 for photoprints or $1.75 for 
35-mm. microfilm. 
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TABLE 4 


System: Methyl isobutyl ketone—water 
Dispersed phase: Methyl isobutyl ketone 
Continuous phase: Water 


Packing: %-in. Raschig rings. 
a = 159.3 e = 0.616 a/e*® = 676 
Temperature: 28°C. 


aey Ap pa 
Expt. V. Va x Ap Ap/pe ge® Ap 
136 15.52 48.98 0.590 0.131 5.08 1655.0 0.664 158.0 
140 30.06 35.08 0.540 0.119 5.42 440.0 0.605 81.0 
143 40.83 30.9 0.473 0.102 5.77 238.5 0.518 62.7 
147 61.38 22.18 0455 0.109 6.17 128.2 0.551 32.4 


System: Nitrobenzene-water 
Dispersed phase: Water 
Continuous phase: Nitrobenzene 


Packing: 8-mm. glass beads 
a = 154.1 c = 0.463 a/e*® = 1,552 
Temperature: 28°C. 


232 13.25 5880 0.644 0.136 6.75 2313.0 0.821 650.0 
234 20.70 43.80 0.533 0.105 6.80 954.0 0.627 361.0 
236 32.20 33.30 0.441 0.115 ~~ 7.10 393.0 0.698 207.5 
239 50.00 18.65 0.388 0.082 7.26 164.0 0.496 65.2 


System: Kerosene—water 
Dispersed phase: Kerosene 
Continuous phase: Water 


328 25.81 41.3 0.179 
330 37.4 29.31 0.175 
332 44.14 23.12 0.175 
335 55.05 15.52 0.120 


This was found to be exactly reproducible. 
The first appearance of the dispersed phase 
below the packing support was therefore 
taken as the criterion for flooding. Simul- 
taneously the readings of all manometers 
were taken, and all flow valves were closed. 
It was found desirable to close the dis- 
persed-phase supply valve first so that no 
dispersed phase was allowed to enter the 
column after the flooding point. As soon as 
the flow of the liquids was stopped to the 
column, the interface at the top descended, 
owing to the accumulation of the dispersed 
phase held inside the column. When no 
more movement of phases inside the 
column was observed, the continuous-phase 
supply was turned on gradually, and the 
discontinuous-phase liquid flowing out was 
collected in a weighed beaker until the 
interface regained its original level and the 
weight of the dispersed phase collected 
was determined. This was then used to 
determine percentage or fractional holdup 
of the dispersed phase in the column. 


Col Perfor e 


In the case of all systems with water as 
the continuous phase the dispersed phase 
could be seen flowing nets through the 
interstices of the packing in well-defined 
droplets of almost spherical shape. Con- 
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Packing: 14-in. Berl saddles: 
a = 227.2 e = 0.649 a/e*® = 8314 
Temperature: 27°C. 


5.54 2065 0.814 119.6 
5.66 983 0.794 60.3 
5.72 707 0.694 37.45 
5.76 453 0.545 16.93 


siderable amount of channeling was ob- 
served particularly with larger sizes of 
packing. At higher dispersed-phase flow 
rates there was a tendency for the droplets 
to become bigger and to cling to packing 
interstices, especially with smaller pack- 
ings. Holdup and pressure drop were found 
to increase gradually with increase in dis- 
persed-phase flow, but close to flooding re- 
gion holdup and pressure drop increased 
rapidly, attaining a maximum at flooding. 
Very near the flooding point much coal- 
escence of the droplets particularly at the 
base of the column was observed. 


Results 

The experimental data on limiting 
flow rates, holdup of dispersed phase, 
and pressure drop at flooding in 2-in. 
I.D. column for a few runs are given in 
Table 3.° Table 4 gives sample data.’ 


CORRELATION OF RESULTS 


Dell and Pratt (8) had derived the 
following relationship for flooding in 
packed liquid-liquid extraction _col- 
umns: 


* See footnote in column 1. 
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In order to take into account the effect 
of interfacial tension, a term y was in- 
cluded within the bracket on the right- 
hand side of the correlation. 

The above correlation was _ tested 
with published data (7, 8) and the 
data collected in this investigation. It 
was found that the plot of 


[1 
+ 0.5: 


did not give straight lines properly 
placed when y was taken as the param- 
eter. Likewise the plot of 


1/4 1/2 
Pa Va 
| 
p. V. 
(2) 
S. — 
ge" 
did not give properly oriented straight 
lines when the packing size was 
the parameter. This observation has 
also been made by Ghosal and Dutt 
(12). 

In the light of these results it was 
necessary to modify the equation to 
a generalized correlation. An attempt 
was made to express C, as a function 
of such dimensionless groups, for ex- 
ample (V.p.)/(au.), y/(Veue), and 
(yp-)/(u*.a), but no satisfactory cor- 
relation was obtained. A resort was 
then made to the application of dimen- 


sional analysis. 
The expression 


| 1+ 0.835 


c 


denoted by ¢, is dimensionless and may 
be assumed to vary with V., a, p., 
density difference, and y. Thus 


= f(V., a, pe, Mp, (2) 
It can be shown that the following 


equation results from dimensional 
analysis: 
m a n 
(4) (=)(2)] 
Ap g Vip 


(3) 


The actual velocity of the continuous 
phase through the interstices of the 
packing is V./e and the equivalent 
diameter e/a. The group (V."a)/g will 
then become (V.*a)/(ge*), and the 
group (ay)/(V.p.) becomes (ae y)/ 
(p. V.”). When one substitutes these in 
the correlation, it becomes 
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1/4 1/2 
[ 1+ 0835 (+) | 
p Vv, 
(=) (4) 
ge Ap 


(4) 
With the value of 1 and m taken as 
¥% as in Pratt's correlation, a study 
was made to determine the effect of the 
modified Weber group (ae y)/(p.V.7) 
by plotting 


1/4 V, 1/2 
[ 1 + 0.835 ( | 
V. 
[ ( Pe ) ae y 
VS. 
ge Ap 


on logarithmic coordinates. 

The data obtained from more than 
250 runs of the present investigation 
along with the published data of other 
authors (4, 5, 8, 16) can be repre- 
sented by the following correlation: 


[ 1/4 1/2 
1+ 
Pe Vv. 
ge* Ap 


The values of c and n as obtained by 
the method of least squares for the 
various types of packings are given 
below: 


Type of packing Cc n 

Raschig_ rings 0.894 —0.078 
Berl saddles 0.882 —0.052 
Lessing rings 0.853 —0.046 
Spheres 0.8389 —0.029 


It is obvious that though the magni- 
tude of n is not large, n varies signifi- 
cantly with the packing type. If the 
respective values of c and n are used 
in the flooding correlation for different 
packings, the average deviation of all 
points from those predicted by the cor- 
relation for Raschig rings, Berl saddles, 
Lessing rings, and spheres is 7.6, 8.8, 
3.7, and 5.0% respectively. However 
if all the data of the present investiga- 
tion along with data of other workers 
are subjected to statistical analysis, 
with all the types and sizes of packing, 
different tower diameters, and different 
liquid systems taken into account, the 
values of c and n are found to be 0.812 
and 0.048 respectively. With these 
values of c and n the average devia- 
tion of all the points is 12.6%, and 
maximum deviations are +32 and 
—29% from those predicted by the 
correlation. It may be observed that 
introduction of the modified Weber 
Group (aey)/(p.V.’) brings together 
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data for various liquid systems, differ- 
ent types and shapes of packings, and 
tower diameters ranging from 2 to 
22-in. under one generalized correla- 
tion. It may be observed here that the 
percentage of average deviation of data 
is greater for the generalized correla- 
tion, and hence it may be preferable to 
use the values of c and n as obtained 
for each packing for estimation of limit- 
ing velocities wherever greater accu- 
racy is desired for design purposes. 
The correlation for flooding is shown 
in Figure 2*, where the data of Craw- 
ford and Wilke for a 12-in. column, 
data of Dell and Pratt for 3- and 6-in. 
columns, and data of the authors for 
12-in. column have been plotted for 
Raschig rings. It may be mentioned 
that modified Weber group ranges from 
a value of 30 to 15,000. In Figure 3° 
the published data obtained by Breck- 
enfeld and Wilke (5); Blanding and 
Elgin (4); and Row, Koffolt, and 
Withrow (16) are compared with the 
results of the present investigation. 
Figure 4° shows a similar correlation 
for Berl saddles, where the data of 
Dell and Pratt for 3- and 6-in. diam. 
column have been presented. The data 
of Dell and Pratt and those of the 
authors for Lessing rings are plotted in 
Figure 5°. The correlation for the 
spheres, including the data of Blanding 
and Elgin (4) is presented in Figure 
6°. In Figures 2 through 6, 4, ¢ is 
plotted vs. the modified Weber group. 


HOLDUP OF DISPERSED PHASE 
AT FLOODING 


Gayler and Pratt (10) have derived — 
the following theoretical correlation for 
estimation of holdup at flooding: 


Figure 7° shows a plot of holdup 
x, at flooding vs. the group [(V.‘a)/ 
(ge*) ](pa/ASp) on logarithmic coordi- 
nates for the various systems and pack- 
ing under investigation. This correla- 
tion may be represented by the follow- 
ing equation derived by mathematical 
analysis of all the data: 


x, = 0.758 [ ) | 
(7 


The average deviation of all the points 
is 15.7%. The maximum deviations 
are +36 and —35%. As this equation 
brings under one generalized correla- 
tion all data for various systems and 
for shapes and sizes of various pack- 
ings, the correlation may be regarded 
as satisfactory for design purposes. It 


® See footnote on page 356. 
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may be noted here that the exponent 
0.11 is the same as that obtained by 
Gayler and Pratt (10), but they ob- 
tained a value of 0.62 for the constant 
C’. Whereas the data reported here 
represent values taken exactly at flood- 
ing, Gayler and Pratt prepared their 
plot by extrapolation. 


PRESSURE DROP AT FLOODING 

Dell and Pratt (8) in their work 
have indicated that when the column 
is operating close to flooding, Ber- 
noulli’s theorem can be applied sepa- 
rately to the continuous- and discon- 
tinuous-phase channels in the column. 
In the case of the continuous phase the 
pressures P, and P, at two points sepa- 
rated by an arbitrary distance h are 
related as follows: 


P, = P, + p.h — AP, (8) 


Similarly for the dispersed phase as- 
sumed to be flowing upwards 


1 = P.— pah— AP, (9) 


where AP, and AP, are due to flow of 
the continuous and_ discontinuous 


phase. 


If Equation (8) is multiplied by 
(1—x) and (9) by (x), one gets 


(1—x)P, = (l1—x)P, 
+ peh(1—x) — (1—x)AP, (10) 


and 
xP, = xP, — xpah — xAP, (11) 
Subtracting (11) from (10) one gets 


— + p-A(1 — x) +pahx 
+ xAP,— (1—x)AP, (12) 


It may be observed that the term 
[x AP, — (1 —x)AP,] measures the net 
thrust. If at flooding the net thrust is 
assumed to be negligible (inasmuch as 
the dispersed phase is not allowed to go 
up in the column), Equation (12) 
simplifies to 


P,—P,+ peh = hxAp 
or 


P,—P,+p.h 
Pe 


Ap’ = hx Ap/p. (18) 
The expression on the left side repre- 
sents the actual pressure drop meas- 
ured in terms of head of the continuous 
phase for the height. If Ap represents 
head loss per foot length of the column 
for the continuous phase, the follow- 
ing relationship 

Ap’/h _ Ap 

Ap/p. Ap/p. 
suggests that plot of Ap/(Ap/p.) vs. 
holdup should give a straight line. 
However it may be observed that at 


flooding there is always some net 
thrust present, and the values of holdup 


=x (14) 


Page 358 


and pressure drop at flooding do not 
change appreciably. It is therefore not 
desirable to have a plot of two quanti- 
ties which do not change appreciably 
for obtaining a generalized correlation. 
Since it has been shown that x is a 
function of the group [(V.'a) /(ge*)] 
(pa/Ap), Ap/(Ap/p.) may be plotted 
against this group on logarithmic co- 
ordinates. It may be noticed that the 
range of the experimental values of the 
group [(V.‘a)/ge*](pi/Ap) is quite 
large, from about 5 to 1,000. 

Such plots for each type of packings 
give fairly good correlations. Figure 
8° shows the composite plot for all the 
packings and systems studied. The 
over-all relationship obtained for the 
combined correlation for all packings 
and systems by mathematical analysis 
of the data following the method of 
least squares may be expressed as 


A 0.061 
Ap/p. ge Ap 
(15) 


The average deviation of all the points 
is 28.2%. The maximum deviations are 
+55 and —58%. 

Data show an appreciable amount of 
scatter due partly to representing data 
of many liquid system and packings of 
different shapes and sizes by one gen- 
eralized correlation and also due to a 
larger experimental error involved in 
the accurate measurement of pressure 
drop at flooding in liquid-liquid ex- 
traction columns. In view of the fact 
that the exponent on the group [ (V.’a) / 
ge*]|(pa/Ap) is small, one may assume 
that the pressure drop at flooding is 
nearly independent of the dispersed- 
phase velocity, a condition reminiscent 
of constant pressure drop at flooding 
in gas-liquid absorption towers (18). 
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NOTATION 

a = superficial area of packing, 
sq.ft./cu.ft. 

C, C’, C. = constants 

f = functional operator 

g = gravitational acceleration 

h = height of the column 

l,m,n = constants 

= pressure, lb./sq.ft. 

Ap = actual pressure drop meas- 
sured at ft. of continuous 
phase/ft. height of packing 

AP = differential pressure lb./sq-ft. 


® See footnote on page 356. 
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V = superficial velocity of the 
phase (empty tower), ft. hr. 

x = fractional holdup of dis- 
persed phase in column free 
space 
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p = density of phase, Ib./cu.ft. 

Ap = density difference, lb./cu.ft. 

y = interfacial tension, dynes/ 
em. (lb./hr.2 in’ modified 


Weber group) 


= functional operator 
/ y2 
140.835 ( 2+) | 
Pe V. 
dimensionless 
ge Ap 
dimensionless 
e = fractional voids, dimension- 
less 
u = viscosity of phase, lb./(hr.) 
(ft. ) 
Subscripts 
c continuous phase 


d = dispersed phase 
f = flooding state 
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Radiological Study of Liquid Holdup and 
Flow Distribution in Packed Gas-Absorption 


Columns 


C. S. HWA and R. B. BECKMANN 


Carnegie Institute of Technology, Pittsburgh, Pennsylvania 


A radiological method has been developed to study the local flow characteristics in two- 
phase contacting equipment. The method presented permits the evaluation of both the vertical 
and horizontal components of the liquid holdup and flow distribution and can also be used 
to study the performance of a wide variety of two-phase contacting apparatus. An external 
source of radiation is used, and hence neither phase is contaminated by the radioactive 


material. 


The application of this method is illustrated in the specific case of air-water contact in a 


countercurrent packed column. 


Knowledge of the local flow phe- 
nomena in two-phase contacting equip- 
ment will yield important information 
for a better understanding of its per- 
formance. The radiological method 
with a radioactive isotope used as an 
external energy source has been found 
to be capable of measuring the local 
holdup of liquid inside any two-phase 
contacting device. From such holdup 
data, the residence time and the flow 
distribution can be directly calculated. 

For the purpose of verification and 
demonstration, the water-air system 
flowing countercurrently in packed col- 
umns has been investigated. Packed 
columns were chosen, since they repre- 
sent a major class of the two-phase 
contacting device. 


THEORETICAL BACKGROUND 


The method of using an electro- 
magnetic wave to detect or measure 
certain physical properties of matter on 
the basis of its nature of absorbing 
such electromagnetic energy is called 
the radiological method. 

A high-energy electromagnetic wave, 
because of its short wave length, can 
penetrate substances to a great extent. 
If such a wave consists of only one 
wave length, then the absorption, 
through a ) eae media, can be 
calculated by an equation similar to 


C. S. Hwa is with Esso Research and Engi- 
neering Company, Linden, New Jersey. 
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that of Lambert’s law for the absorp- 
tion of parallel monochromatic light: 


I=I,e™ (1) 


where I, is the source intensity of the 
parallel monenergetic radiation, I is the 
intensity after it has penetrated a 
homogeneous material of thickness t, 
and k, is the absorption coefficient 
which is a function of the wave length 
and the physical properties of the ab- 
sorber. 

An X-ray generator and_ similar 
equipment can be used to produce the 
high-energy electromagnetic waves re- 
quired by the radiological study. How- 
ever the use of a radioisotope is much 
more convenient and economical. 

In the selection of an appropriate 
radiation source the energy level and 
the half life of the isotope are two 
primary factors to be considered. The 
energy level of an isotope, according 
to Planck’s law, is inversely propor- 
tional to the wave length, which in 
turn is related to the absorption co- 
efficient in Equation (1). The half life 
is a measure of the decay rate of the 
radioactive isotope. 


I, = I, (2) 


a 


Gamma radiation is electromagnetic 
in nature and is highly penetrating; 
therefore gamma emitters are most 
suitable for use as the energy source 
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in a radiological study. The intensity 
of the gamma radiation can be easily 
measured. The high-frequency electro- 
magnetic pulses emitted by the gamma 
source, when inpinging on a phosphor 
crystal, cause molecular excitation and 
ionization, and part of the energy dis- 
sipated in this form is reemitted as_ 
visible or ultraviolet photons. These 
light scintillations, when converted to 
electrical pulses, can be magnified, 
scaled, and recorded. The resultant 
rate of impulse expressed in terms of 
the number of counts per minute is a 
direct measure of the radiation in- 
tensity. 

Theoretically Equation (1) holds 
true for only the parallel monoenergetic 
radiation. For a point source, therefore, 
the objects which are closer to the 
source will absorb or intercept more 
radiation than the objects which are 
farther away; if one assumes that the 
electromagnetic wave has the property 
of reflection, then the same is true for 
objects close to the viewing port of the 
sensing device. Figure 1 illustrates this 
relationship, the numbers at the bottom 
indicating the relative position. 

This complication, however, can be 
eliminated if the cross-sectional area of 
the absorbing object is greater than 
the projected area of the cone formed 
by the radiation wave. In the case of 
a packed column this requirement can 
be fulfilled by properly shielding the 


radiation source so that the maximum 
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projected area of the radiation cone is 
smaller than the diameter of the 
packed bed. 

It is assumed that in a packed bed 
the column wall, the randomly filled 
packing ring, and the water and air 
streams can be approximated by hypo- 
thetical layers. T, P, and A denote the 
thicknesses of the steel, ceramics, water, 
and air layers respectively; also the 
consecutive layers of the same mate- 
rial are identified by numeral sub- 
scripts. This schematic representation 
is shown in F igure 2. Furthermore the 
absorption coefficients for steel, ceram- 
ics, water, and air are k,, k,, k,, and k, 
respectively. Then by applying Equa- 
tion (1) to each layer in Figure 2 con- 
secutively one can calculate the radia- 
tion intensity behind each layer as 
follows: 


I, = 

I, = I, e ~*a% 

(3) 

= 


Eliminating I,, from the last equation 
and so on, one obtains 


—kyte 
or 


I=Ihe 


(4) 
Assuming that air absorbs gamma 
radiation much less than does steel, 
water, and ceramics and also assuming 
that the column wall thickness and the 
cumulative thickness of the ceramic 
packing rings across a specific segment 
of the column are constant, one can re- 
duce the above equation to 


I = (Le e 
or 


(5) 
Equation (5) reduces to 
— (6) 


when the packed column is filled with 
water; L is the over-all “thickness” of 
the water layers, equal to the void 
space within the column. Similarly, 
when the column without packing, is 
filled with water, 


POSITION 


Fig. 1. Geometric configuration of nonparallel 
radiation source. 
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If I in Equation (5) is measured while 
the column is under operating condi- 
tion, then =I is the thickness of the 
running-water layers. 

In Equations (5) and (6) I’, is the 
radiation intensity of the packed col- 
umn when 3/1 = 0, or when the column 
is completely dry, if one lets 


= ( 8 ) 
for the packed column, and 


for the unpacked column, and _ notes 
that the ratio L/D is actually the void 
fraction, and Slm/L is the local liquid 
holdup. Then - 


xl log (I/I.) 

— = holdup = —-————_ (10 

and 

L x (I./1, 

— = void fraction eee 

D log (I°,/I°.) 
(11) 


Consequently if the radiation in- 
tensities (I; I°,, I,, 1°,;, and I,) across 
a specific segment of the packed col- 
umn are known, then the liquid holdup 
and the void fraction of that segment 
can be calculated. The holdup and the 
void fraction measured by this method 
refer only to a specific section within 
the column, and therefore they are 
called the local holdup and the local 
void fraction. 

Three types of liquid holdups actu- 
ally exist, which are defined as follows 

1. Total Holdup: The total amount 
of liquid held within the apparatus 
under operating conditions is defined 
as the total holdup. It is determined by 
measuring the radiation intensities 
while the column is in operation. 

2. Static, or Permanent, Holdup: 
The amount of the stagnant liquid 
which does not flow freely through the 
apparatus is defined as the static 
holdup. This part of the liquid either 
adheres to the surface or is trapped 
within the interstitial pockets of the 
packing rings. It can be determined by 
measuring the radiation intensities 
across the column after the supply of 
the influent liquid is discontinued. 

3. Operating Holdup: The amount 
of liquid which flows freely through 
the apparatus under the operating con- 
ditions is defined as the operating 
holdup. It is the algebraic difference of 
the total holdup and the static holdup. 
Through this part of the liquid, which 
represents the constantly moving fresh 
fluid masses within the column, the 
mass transfer takes place. 

These definitions of holdups are 
similar to those in the literature (4, 5, 
8) except that they are expressed as 
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the percentage of the dry void space 
which is occupied by the liquid. They 
are so defined because the fractional 
volume of the void space which is 
taken up by the liquid is of actual 
interest. To convert the holdups from 
percentage void space to percentage 
over-all volume of the column, the 
local holdups should be multiplied by 
the corresponding local void fraction. 

In a randomly packed column the 
packing rings form a certain configura- 
tion; consequently the liquid inside the 
column follows certain channels and 
the local holdups within the various 
segments of the column differ consider- 
ably from one place to another. To 
determine the actual flow distribution, 
the local holdups within the various 
segments must be measured separately. 
In Figure 3 the packed column is 
divided into three concentric rings. The 
liquid holdups within each of the rings 
are determined by placing the measur- 
ing device at the appropriate lateral 
and transverse positions. Measurements 
at several positions are necessary for a 
representative average. 

From similar measurements made at 
various vertical levels the liquid dis- 
tribution along the column height can 
also be studied. The following equation 
is used to give the average liquid 
holdup inside a concentric ring and at 
a particular vertical level: 


(average holdup); 
4n 2. €,t,) w,t,j 

ja 


+ H, 1,5) (12) 
where i denotes the specific concen- 
tric ring, j denotes each of the n verti- 
cal levels in the region of interest, and 
N, E, W, and S denote the circum- 
ferential positions. 


REVIEW OF PREVIOUS WORK 
Liquid holdup in packed gas-liquid con- 


tacting columns has been studied ex- 
tensively. Jeber and Elgin (4) made a 
comprehensive study of the operating 
holdup for various packing materials; 
Otake and Okada (6) correlated most of 
the available literature data on liquid 
holdup and recommended an _ empirical 
formula for calculating the liquid holdup 


Fig. 2. Hypothetical layers of the packed 
column. 
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Fig. 3. Three concentric rings and corresponding lateral and 


traverse positions for scanning. 


from the flow rates and the fluid properties. 
Most recently Schulman et al. (7, 8) 
measured the total static and operating 
holdups in a packed column using both 
aqueous and nonaqueous systems. 

The principle of using a radiation-ab- 
sorption method has been applied success- 
fully to the study of other two-phase 


Fig. 5. Liquid distributor for the 12-in. column. 
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problems by earlier investigators. Isbin, 
Sher, and Eddy (3) recently used this 
technique to study the two-phase steam- 
water flow in a circular pipe, with 
selenium-75 as the energy source. These 
authors cited that Zmola and Bailey (9) 
have used iridium-192 to measure the 
densities of a boiling liquid; Anson, Belin, 
and Horlor (1) used a beta-ray absorption 
technique to measure the density of a 
steam-water mixture at the throat of a 
circular flow nozzle. 


EXPERIMENTATION 


Two columns were used in this investi- 
gation; one was 6 and the other 12 in. in 
diameter. The smaller column was used to 
gain preliminary knowledge of this new 
technique and to study the effect of the 
packing size and the flooding condition on 


ORAINS 


Fig. 4. Schematic flow diagram for the 12-in. packed-column system. 


the liquid holdup. The larger column was 
mainly used to investigate the flow distri- 
bution, both radially and vertically. 

The schematic flow diagram is shown in 
Figure 4. The accessory equipment used 
for each of the columns was of the con- 
ventional type. Only the liquid distributors 
were specially made. They were designed 
to assure initial uniform distribution of 
the liquid at the top of the tower packing 
(Figure 5). The detailed description of the 
equipment is available in reference 2. 

The 6-in. column was made from «a sec- 
tion of Pyrex-glass pipe, 4 ft. long. Three 
sizes of unglazed ceramic Raschig packing 
rings were used (1%, 34, and 1 in.), cor- 
responding to the diameter ratios of 12:1, 
8:1, and 6:1 respectively. These ratios 
represent above, at, and below the critical 
of 8:1 (5). In Addition, the unpacked- 
column operation was also studied. The 
water rate was varied from 1,000 to 10,000 
Ib./(hr.) (sq. ft.), and the air, flowing 
countercurrently to the water, was varied 
from 0 to 400 Ib./(hr.) (sq. ft.). Thirteen 
millicuries of mercury-203 were used as the 
energy source. Mercury-203 has a single- 
energy level of 0.279 mev. and a half life 
of 45.8 days. 

The experimental results obtained from 
this column show that the total liquid 
holdup increases with the liquid rate 
(Figure 6), whereas the gas rate has 
negligible effect below the loading point 
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Fig. 6. Effect of liquid rate on total liquid holdup for the unpacked and Raschig- 
ring packed 6-in. column. 
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Fig. 7. Effect of gas rate on total holdup in the 6-in. column packed with ¥2-in. 
Raschig rings. 


(Figure 7). Each of the experimental 
points is the average value of two separate 
runs. In each run measurements were made 
at four circumferential positions and three 
vertical levels, symmetrically located 
around the center of the column. 

Although the gas rate has negligible 
effect on the liquid holdup below the load- 
ing point, the liquid holdup shows a rapid 
increase beyond this point (Figure 7). It 
is believed that at the loading point the 
water droplets start to stay afloat, since the 
upward drag force caused by the high 
air rate balances the gravitational force at 
this point. This ascending trend continues 
until the flooding point is reached. Further 
increase of the air rate, instead of keeping 
the liquid droplets afloat, carries the drop- 
lets away, hence reducing the liquid 
holdup. This explains the maximum dome 
appearing in the top curve of Figure 7. 

The effect of the packing size and the 
void fraction was found to be as follows; 
under the same operating conditions the 
larger packings always give a lower liquid 
holdup, and for various sections of the 
column a lower holdup is always observed 
at regions where the local void fraction is 
higher. Figures 8 and 9 show these rela- 
tionships and the entrance effect when the 
column is under the normal operating con- 
ditions, as well as when it is operated at 
flooding. 

For the study of flow distribution a 20- 
ft. 12-in. steel column packed with 1-in. 
Raschig rings was used. This larger column 
allowed a much more complete scanning 
procedure for the study of various localized 
holdup phenomena. Two liquid rates, 
1,300 and 13,000 Ib./(hr.) (sq. ft.), and 
two gas rates, 0 and 530 Ib./(hr.) (sq. ft.), 
were investigated. Twenty-three millicuries 
of thulium-170 were used as the energy 
source. Thulium-170 has a lower energy 
level (0.0842 mev.) than mercury-203; 
hence it yields a more sensitive measuring 
system. The half life of thulium-170 is 127 
days. 

The local liquid holdups measured in the 
12-in. column, summarized in Table 1. 
correspond to the average values calculated 
by Equation (12) with n = 4. These 
results indicate that for the packed column 
with a column to packing diameter ratio 
of 12:1 the distribution of liquid remains 
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uniform across the cross section of the 
column to the entire depth of its 18 ft. of 
packing. The strong variation of local 
holdup indicates that the channeling effect 
exists. Moderate changes of liquid and gas 
rates do not alter the general fluid-distribu- 
tion pattern. 

The radiation-absorption measuring de- 
vice used for the 12-in. column consisted 
of a gamma source and a scintillation-de- 
tecting probe. They were shielded and 
mounted on a set of parallel tracks; the 
geometric layout is shown in Figure 10, 
and A and B are such that the intersection 
of the two cones is located at the center of 
the column. The tracks were rotated on a 
steel ring which had been properly grooved 
and mounted on a platform, and the plat- 
form moved vertically along the column, 
thus allowing the measuring device to 
scan at any part of the column. The 
detecting device used for the 6-in. column 
was similar in nature but somewhat less 
elaborate. 


COMPARISON OF RESULTS WITH 
PREVIOUS INVESTIGATORS 


Shulman, Ullrich, and Wells (8) 
made an extensive study of liquid 


holdup on a 10-in. packed column. 
They correlated their results with the 
data of several previous investigators 
and presented the following equations: 


= (13) 
h, = 8D," (14) 
h, h, h, (15) 
B= yD,’ (16) 


The values of the constants are given 
in Table 2. To convert these equations 
from percentage of the column volume 
to percentage of the void volume, one 
should divide by the void fraction: 


H, = h,/e = (aL’)(eD,*) (17) 

H, =h,/e = (8/e)D,* —(18) 
H,=H,.—H, (19) 

These equations are applicable below 


the loading point only. 


TABLE 2. For PoRCELAIN RAsuHic Rincs 


lin. 
D - ft. 0.0582 0.1167 
a 2.25 107° 105" 
Y 0.965 0.965 
0.00104 0.00104 
x 
Vv 0.376 0.376 


Figure 11 shows the results of the 
present study in comparison with the 
experimental data of Shulman et al. 
and the results calculated from their 
equations. 

The data obtained for the %-in. 
rings are shown at the top of the graph. 
The experimental results of this study 
are in fair agreement with Shulman’s, 
but they deviate from the calculated 
results beyond 2,000 Ib./(hr.) (sq.ft.). 
For the l-in. raschig rings, results are 
available on both 6 and 12-in. columns 
from this study. The data on the 6-in. 
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column are not in good agreement with 
Shulman’s because of the low column- 
to-packing diameter ratio (6:1), which 
may have caused excessive channel- 
ing. The data obtained on the 12-in. 
column indicate very good agreement 
with Shulman’s experimental data. 
Since the l-in. packing has a much 
higher loading point than the %-in. 
packing, the experimental data follow 
the calculated results of the correlating 
equation to a higher liquid rate. 

It should be noted in the considera- 
tion of this comparison, particularly 
with regard to the 12-in. column, that 
the data of the current investigation 
represent an average of the lateral and 
vertical scannings which in themselves 
show considerable variation throughout 
the column; yet the summation shows 
good agreement with the cumulative 
values obtained by other methods. 


CONCLUSIONS 


1. The radiological method described 
in this paper presents a new simple 
method of studying the local hydro- 
dynamic characteristics of the packed 
column or other similar two-phase 
contacting equipment. 

2. This method does not contami- 
nate or disturb the system in any 
fashion. 

3. The liquid-holdup data and the 
void fraction determined by the radio- 
logical method can be calculated by 
the following equations, which are de- 
rived by applying Lambert’s law for 
the absorption of parallel monochro- 
matic light to the radiological system: 
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Fig. 9. Longitudinal variation of holdup and void fraction for the top of the 
packing under flooded conditions in the 6-in. column. 
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4. By scanning the packed column in 
a systematic manner, one can obtain 
the local liquid holdups and the fiow 
distribution. 

5. The good agreement of the ex- 
perimental results from this study and 
the corresponding data obtained by 
other methods prove the validity of 
this new technique. 
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TABLE 1. Locat OPERATING Liguip IN THE 12-1IN. COLUMN 


H., percent- 
age of 
void volume From wall to 
operating 2 in. from 
conditions the wall 
L = 13000, G = 0 
Ib./ (hr. ) (sq. ft.) 
0-5 15.04 
5-9 9.98 
9-13 
13-18 15.46 
= 13000, G = 530 
lb./ (hr. ) (sq. ft. ) 
0-5 18.60 
5-9 13.76 
9-13 12.56 
13-18 17.58 
Average void fraction 
0-5 0.719 
5-9 0.750 
9-13 0.748 
13-18 0.701 
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From 2 to From 4 in. 
4 in. from from the wall 
the wall of the column 
14.05 14.95 
12.61 15.18 
12.42 12.02 
14.21 16.05 
15.90 14.36 
13.38 15.03 
11.89 13.65 
14.45 17.31 
0.732 0.717 
0.724 0.680 
0.749 0.689 
0.724 0.716 
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NOTATION 

a = thickness of air layer 

D = inside diameter of the column 

D, = equivalent diameter of the 
packing 

= 2.7188 

h = liquid holdup, percentage col- 
umn volume 

h, = total holdup 

h, = static holdup 

h, = operating holdup 

H = liquid holdup percentage col- 
umn void 

H, = total holdup 

H, = static holdup 

H, = operating holdup 

I = intensity of the parallel mono- 
energetic radiation 

I, = intensity when the column is 
dry 

I, = intensity when the column is 
filled with water 

I, = intensity after penetrating the 
layer 

I, = source intensity, or at time O 

I, = intensity at time @ 

I° = intensity without packing 

F ee —k 

I” = same as’ except p = 0 

k* = absorption coefficient for Equa- 
tion (1) 

l = thickness of water layer 

L = liquid rate, lb./(hr.) (sq.ft.); 
cumulative length of the void 
space 

m = number of hypothetical layers 

n = number of vertical levels 

p = thickness of ceramic layer 

t = thickness of the homogeneous 
absorbing media, the column 
wall 

x = constant 

v = constant 


Greek Letters 


a = constant 
= constant 
8 = constant 
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Fig. 10. Scintillation probe and gamma source assembly with the lead 


shieldings. 


r = half life 

e = void fraction 
4 = wave length 
0 = time 

= summation 
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lon Exchange Kinetics for Systems of 


Linear Equilibrium Relationships 


CHI TIEN and GEORGE THODOS 


The Technological Institute, Northwestern University, Evanston, Illinois 


The mathematical equations describing the kinetic behavior of ion exchange processes have 
been solved analytically for systems having linear equilibrium relationships of the type q* = 
K, + K:C*. The concentration ratios of the effluent to the influent solution for these cases are 
found to depend on parameters involving time, position, and relative resistances of the liquid and 
resin phases. Numerical zesults have been obtained and are presented in tabular and graphical 
forms. Furthermore expressions for the constant pattern breakthrough curve for two special 


cases have also been worked out. 


The mathematical equations describ- 
ing the kinetic behavior of an ion ex- 
change process with the rate-control- 
ling mechanism represented by a com- 
bination of resistances for both the 
liquid and resin phases have been 
presented elsewhere (5,6). These ex- 
pressions consist -of the equation of 
continuity, the rate of transfer, the 
equations describing the concentrations 
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of the resin phase, and the relationship 
of surface concentrations: 


oC oq (1) 
ar 
3 h 
q(é,7) qi(r, é,7) dr (3a) 


b 
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qs (&, qi(b, (3b) 
= 
H(r,7—d)dd (3c) 
and 
q. = f(C,) (4) 
where 
u u 
H(r,7) =1— 


( ) b 
r 
b 
and the following initial and boundary 
conditions exist: 
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0 
q = 0 € = 0,7< 0 
/=C, at €=0,7=0 


Equilibrium is assumed to exist at 
the interface, and consequently Equa- 
tion (4) represents the equilibrium 
relationship of the system. It is obvious 
that the solution corresponding to this 
set of equations is dependent on the 
specific form of the equilibrium rela- 
tionship. 

Ion exchange equilibrium has been 
studied for many years, numerous the- 
ories having been proposed to corre- 
late the experimental results. The vari- 
ous attempts to solve this problem fall 
essentially into two categories, one as- 
suming a process of adsorption and the 
other applying the law of mass action. 
Most of the rigorous approaches re- 
quire a knowledge of the true mechan- 
ism involved in the ion exchange pro- 
cess.Unfortunately, for most cases this 
information is not available. Further- 
more the equilibrium relationship for- 
mulated on such a basis usually com- 
plicates the mathematical equations 
and gives additional difficulties to the 
solution of the problem. For this reason 
a simple empirical equation based 
directly on experimental data over a 
restricted concentration range prob- 
ably would best serve this purpose. 

A literature survey on ion exchange 
equilibrium indicates that if the equi- 
librium concentration in the resin phase 
is plotted against that of the liquid 
phase, several types of relationships 
result, as presented in Figure 1. 

A simple linear relationship passing 
through the origin can be used to re- 
present curve I. A nonlinear relation- 
ship of the Freundlich type is repre- 
sented by curve II. Curve III can be 
approximated by a straight line having 
an intercept on the abscissa. For curve 
IV the equilibrium concentration in 
the resin phase increases very rapidly 
to a certain value and then becomes 
essentially constant. This relationship 
is too difficult to fit into a simple 
equation. However if the concentra- 
tion range of the initial part of the 
curve is small, this can be neglected, 
thus making the concentration in 
the resin phase constant and_inde- 
pendent of the liquid composition. The 
following expressions can approximate 
the various cases discussed: 


q* = K,+ K,C* (5) 
and 
= A(C*)* (6) 


Equation (5) represents the most 
general linear form and can be used 
with curves I, III, and IV; Equation 
(6) approximates curve II. This latter 
case is not discussed further inasmuch 
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as it has been presented in detail else- 
where (5). 

Nuinerical solutions of Equations 
(1), (2), (3a, b, c) with Equation (4) 
represented by Equation (5) with 
K, = 0, have already been presented in 
the literature (4). It is the object of 
this investigation to seek the solution 
when the equilibrium relationship is 
represented by Equation (5). 


q Concentration in Resin Phase 


SOLUTION FOR GENERAL 
LINEAR CASE 


C*, Concentration in Liquid Phase 
When one substitutes Equation (5) 


; Fig. 1. Graphical tation of typi 
into Equation (3c) and carries out the pos 
subsequent integration, the expression 
qi(7, €,r) thus obtained is substituted 
into Equation (3a) to give 
nr \? 
K 
(=) = Bes — 
b where 
6DK, 
Ae dy (7) 
Differentiating Equation (7) with re- bead ¢;(s) 
spect to z and combining the resultant ek. b* 13 
expression with Equations (1) and (2) $:(8) = 1 6DK, 439) 
follows: 1+———— ¢,(s) 
nr \* 
, 
aC dq » 
dr 
—D 
b? ok k, 


The solution of Equation (8) is ob- 
tained through the use of Laplace 
transforms (1). The transform of Equa- 
tion (8) is found to be 


For the boundary condition of Equa- 
tion (12) 


a 6DK, 1 6DK, | wi se(€ 8) 
— c(é, s) 2 
a€ b p(~) 
b b 
| K, 
= é,s)——— e(€,s) |¢.(s) 
t=) o(é,s) b* sK e(é,s) 4 
n=1 S (9) 
¢.(s) = (10) 
> 


By rearrangement one obtains 


b? 1 | K, 
(11) 
The solution of this first-order linear 
differential equation can easily be 
found to be 


Therefore Equation (12) becomes 
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TaBLE 1. NUMERICAL VALUES OF C/C, RESULTING FROM Equation (15) * 


C K, [ Ki | N) 
—— | ot, 
C, 
for N = 0 and = 0.10 
1440 
oT C/C. ot C/C. oT C/G. cx ‘C/G, oT C/C. oT C/C, 
0.5 — 0.4 — 175 — 4.0 — 1.00 — 20.00 — 
0:35 0.172 08 0.105 250 0.111 5.0 0.056 11.6 0.006 23.20 0.001 
0.45 0.306 1.0 0.261 3.00 0.336 6.0 0.261 126 0.302 25.20 0.230 
0.57 0.452 1.24 0.453 3.25 0.456 66 0.460 13.34 0.472 26.68 0.465 
0.70 0.584 140 0.568 3.50 0.569 7.0 0.686 14.00 0.621 28.00 0.771 
0.90 0.771 1.80 0.783 4.50 0.875 8.0 0.826 15:00 0.797 30.00 0.880 
1.50 0.946 3.00 0.985 6.00 0.990 9.0 0.944 17.00 0.963 34.00 0.993 


* Numerical values of @(vé,o7, N) are taken from Rosen’s work (4). 


C, K.C, sK, 
(14) 
The inverse transform, obtained 


through the use of the inversion in- 
tegral formula, is given as 


a+in 


K, 1 *T ds 
C. KC, — + 
K,] 1 
at+iz K. 
(15) 
1 1 
® (yé,07,N ) — P2807 
(16) 


It is obvious that ®(yé,o7,N) be- 
comes the same as C/C, when K, 
vanishes, a situation corresponding to 
the equilibrium case I. This case rep- 
resented by Equation (16) has been 
solved by Rosen (3, 4). The numerical 
values of ©, as given by Rosen, are de- 
pendent on three dimensionless groups, 
namely yé,o7, and N. In view of these 
conditions, the expression C/€, de- 
fined by Equation (15) is a function of 
the parameters K,/K.C., yé, or, and N. 
Numerical values for C/C, correspond- 
ing to a special case when N=O and 
K,/K.C,=0 are presented in Table 1 
and Figure 2. 


CASE OF CONSTANT 
SURFACE CONCENTRATION 


For the special case where K.=0 
Equation (5) reduces to q*=K,. This 
case corresponds to a situation where 
the surface concentration of the resin 
particles is kept constant. Analytical 
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solutions for this special case can be 
obtained as follows. Referring to Equa- 
tion (9) one gets 


6DK, 1 


(17) 


0 
=— 


The solution of Equation (17) is 
c(,s) = 


6DK, 
constan 


(18) 
When one applies the boundary con- 
dition, c(é,s)/C, = 1/s at é = 0 
Equation (18) becomes 
c(és) = 


> 


6DK, 
= py 


b? ) 
n=1 D 
s+ 


The inverse transform gives 


1 
(19) 


Clér) 
6K, 
cH 


(20) 


1— vé Se 


The numerical values of C/C, as 
given by Equation (20) depend on 
two parameters, (6DK,)/(C.b*)é and 
D,/b’. The first parameter can be con- 
sidered to be the product of yé and 
K,/K:C,, while the second parameter 
is equal to or/2. For this case the ab- 
sence of N can be accounted for, since 
the surface concentration of the resin 
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phase is constant. Numerical values of 
C/C, as expressed by Equation (20) 
have been computed (6) and are pre- 
sented in Figure 3. 

It can easily be shown that C/C, as 
expressed by Equations (15) and (20) 
could become negative. This corre- 
sponds to a physical situation that is 
impossible. A rationalization for this 
case is given as follows. 

The general linear relationship used 
for the solutions indicates that there is 
a definite concentration on the solid 
surface, even though the liquid phase is 
free of solute. This condition requires 
a transfer of material from the liquid 
phase into the resin phase as long as 
the resin particles remain unsaturated. 
Under the restriction of the material 
balance a transfer of solute from a 
solute-free solution would give the 
solution a negative concentration, a 
situation which is physically impos- 
sible. The breakthrough time as pre- 
dicted with Equations (15) and (20) 
will be less than the actual case be- 
cause the resin becomes hypothetically 
saturated at an earlier time. This ef- 
fect will become more pronounced with 
increasing bed height. For this reason 
a different approach is employed to 
derive the expressions necessary to pre- 
dict the breakthrough curve for cases 
of high values of yé. 


CONSTANT PATTERN 
BREAKTHROUGH CURVE 


It has been shown experimentally 
that for certain instances the break- 
through curve approaches a constant 
pattern as the height of the bed in- 
creases. This behavior is commonly 
experienced for systems possessing an 
equilibrium relationship of the type 
represented by curve IV. When this 
condition is established, the break- 
through curve retains a definite shape 
on a linear plot, subject only to a con- 
stant displacement in total elapsed 
time which is proportional to the bed 
height. From the material balance one 


has 
1—— | dt— 
| 


zh C, = (2p) (21) 


The left-hand side of Equation (21) 
represents the material _ transferred 
from the solution; while the right-hand 
side gives the ultimate capacity of the 
column. 

By rearranging Equation (21) and 
utilizing the conditions that (C/C.),~ 
0 for t < t, one obtains 


Zp 
ty 
uC, u 
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Equation (22) provides a relationship 
between the breakthrough curve and 
the breakthrough time from the con- 
sideration of a material balance. 

It can be shown that for constant 
values of C/C, a plot of t vs. z will 
yield a straight line, and the slope 
[dt/dZ]c,c, is the same for all values 
of C/C,, or 


- (=) 
da 7, aZ 4, aZ 


=0 
rom 
(23) 
By transformation Equation (23) 
becomes 
0€ 0€ 


The value of dt,/d&é is evaluated 
by differentiating Equation (22) to 
give 


Or» Or 


=— 25 
0€ C, 0€ 


When the constant-pattern condition 
is established, 


a(C/C, 0(C/C, 
a(C/C.) =0 (26) 
Or 
which becomes 
a(C/C.) a(C/C.) dr 
dé 
mar Gs 
Cc. Or 


Also from Equation (1) 
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oe » Time Modulus 


Fig. 3. Concentration ratio C/C. for the case of constant 
concentration at the surface (q* = K;,). 


mez) he 
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C, a(C/C, a(C/C,) 
mar Or 


Equation (27) gives the obvious con- 
clusion that 


q Cc 


29 
(29) 


for the constant-pattern period. 
CONSTANT PATTERN, CONSTANT 


SURFACE CONCENTRATION, ALL 
RESISTANCES IN SOLID PHASE 


When, the transformation x = rt — 7 
for the constant-pattern period is intro- 
duced, Equation (7) becomes 


nr 
x 
b 


(30) 
C, 
n 


n=1 


Substituting Equation (31) into Equa- 
tion (22), one obtains the expression 
for 7): 

b* 


32 
C, 15D = 


To 
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Equations (31) and (32) completely 
define the constant-pattern break- 
through curve for the case where the 
surface concentration is constant. This 
solution agrees with that obtained by 
Vermeulen (7) for a similar case. 


CONSTANT PATTERN, GENERAL 
CASE, ALL RESISTANCES IN 
SOLID PHASE 


For the general case where q. = 
K, + K.C,, the following expression is 
obtained by a combination of Equation 
(7) and Equation (2) and the utiliza- 
tion of the conditions postulated by 
Equation (29), as well as the defini- 
tion of x: 


(33) 


The solution of Equation (33) is ob- 
tained by successive approximations 
(2) as used for the solution of the 
second integral equation. This is 
accomplished by the following pro- 
cedure. When one assumes an arbitrary 
function 
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n=l 


6DK, (* af.(a) 
ON 


n=1 


K, 6DK.L 
[1-5 
maz 
6DK, (* 


6DK, Of 
J ; 


if it is assumed that 


lim fa(x) = f(x) 


n-o 


(34) 


It is apparent that this procedure be- 
comes tedious; however for the special 
case where diffusion in the resin phase 
is dominant, N— 0, the second inte- 
gral of Equation (33) vanishes, and 


of the breakthrough curve for systems 
having linear equilibrium relationships. 
For small values of yé Equations (14) 
and (20) apply. For larger values the 
equations for the constant-pattern 
breakthrough curve would give better 
results should such a curve exist. 


NOTATION 
under these conditions the approximate 
expression for f(x) is found to be b = radius of particle, cm. 
6KeLo 
x 
(35) 
C, n=1 n 
Furthermore the expression for 7, is 
maz 6b* 1 
n=1 | 6K.C, | 
maz 
Similar to the previous case, Equa-  c = Laplace transform of C 
tions (36) and (38) predict the break- ¢ = concentration of solution, 
through curve for the general case est 
q./ce. 
when diffusion in the resin phase con- 
trols. C. = concentration of influent solu- 
The infinite series of Equation (36) tion, meq./cc. 
can be obtained by the following ex- C, = concentration of solution at 
pression: meq./cc. 
. : + + : +... (87) 
a 
n=1 n n=1 n=1 
maz 
where a’? = (6K:C,)/(a°qmaz). The D = diffusion coefficient in resin 
sum of the series. = (1/n*"), where r is phase, sq. cm./sec. 
k, = mass transfer coefficient for 


a positive integer, is presented in Table 

The developments of this investiga- 
tion make possible the establishment 
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liquid film, meq./(sec.) (g. 
of dry resin) (meq./cc.) 
K,, K, = constants for Equation (5) 
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TABLE 2. NUMERICAL VALUES OF THE 


1 
INFINITE SERIEs, 
= 


n? 13! 105 


= 


n=1 n=1 


N = (8DK.)/(b*k,) 

q = average concentration in 
resin, meq./g. of dry resin 

qi = point concentration in resin, 
meq./g. of dry resin 

maz = concentration in resin phase 
in equilibrium with influent 
solution, meq./g. of dry 
resin 

qs = concentration on resin sur- 
face, meq./g. of dry resin 

t = time, sec. 

ts = breakthrough time, sec. 

u = superficial velocity, cm./sec. 

Z = bed height, cm. 

Greek Letters 

y 

= (6DK)/(C.b’) 

é = (pz)/u 

p = bulk density of resin, g. of 
dry resin/cc. 

= (2D)/(b’) 

T = t— (¢z)/u 

Td — (bz) /u 

> = porosity 

x = 
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The Dual Nature of a Catalytic Reaction: 
The Dehydrogenation of sec -Butyl Alcohol to 
Methyl Ethyl Ketone at Elevated Pressures 


LAWRENCE H. THALLER and GEORGE THODOS 


The Technological Institute, Northwestern University, Evanston, Illinois 


A detailed analysis of initial rate data obtained for the catalytic dehydrogenation of sec-butyl 
alcohol to methyl ethyl ketone in the presence of brass reveals that the controlling step of 
the reaction changes and depends on the operating conditions. To take advantage of the 
unique characteristics of initial rate equations, the experimental phase of this work has been 
carried out with a differential reactor and covered the temperature range 550° to 700°F. for 
pressures up to 15 atm. Feed compositions containing sec-butyl alcohol and mixtures with 


methyl ethyl ketone and hydrogen were used. 


These studies show that the desorption of molecularly adsorbed hydrogen ceases to be the 
controlling step in favor of a dual-site surface reaction depending on the operating variables. 
In view of these observations it now becomes necessary to calculate reaction rates with both 
over-all rate equations and to select the lower rate as representative of the controlling step of 


the reaction. 


Previous dehydrogenation studies for 
the production of methyl ethyl ketone 
from sec-butyl alcohol by means of a 
brass catalyst (3) were limited to 
atmospheric pressure and temperatures 
ranging from 650° to 750°F. These 
initial studies involved the dehydro- 
genation of sec-butyl alcohol in an in- 
tegral reactor and necessitated extrap- 
olation of conversion data into the 
region where the resistance to mass 
transfer became negligible. The result- 
ing data were then subjected to a least- 
squares analysis involving a number of 
hyperplanes (1). The hyperplane rep- 
resented only by positive coefficients 
was selected as representative of the 
most probable over-all rate equation. 
In this connection it was concluded 
that the desorption of hydrogen involv- 
ing a single-site surface reaction was 
the controlling step. 

The present investigation has been 
undertaken to extend the study of this 
reaction. To avoid the potential source 
of error associated in the extrapolation 
of data in the earlier studies (3), it 
was decided that a differential reactor 
would produce initial rate data directly 
without recourse to extrapolation. The 
use of initial reaction rates offers defi- 
nite advantages in processing data and 
planning future experimental studies 
that would assist in the selection of a 
suitable rate equation. For over-all re- 
action rates representing a single con- 
trolling step the rate equation can be 
reduced to a hyperplane of the follow- 


ing general form: 


y=a+bx,+cx.+dxi+... (1) 


where y, %», %ey Xa... are quantities 
that can be obtained from the experi- 
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mental data, and a, b, c, d,... are 
constants to be established by the 
method of least squares. For the selec- 
tion of a proper controlling step all 
these constants must be positive. Equa- 
tion (1) is uniquely adaptable to ini- 
tial rate data and permits the study of 
the effect of a single variable when the 
other variables are held constant. 
Through this approach it becomes pos- 
sible to trace the effect of each vari- 
able on the over-all rate equation. 


RESTRICTIONS OF REACTION RATES 
TO INITIAL CONDITIONS 


For the dehydrogenation of sec-butyl 
alcohol to methyl ethyl ketone 
K H 
sec-C,H,OH CH,COC.H, + 
the following controlling steps give rise 


of a product 


f, Initial Rate of Reaction 


%, Total Pressure, atm 


Fig. 1. Variation of initial rates with pressure 
for typical controlling steps. 
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to the associated initial rate equations: 
(a) desorption of a product from the 
catalyst surface 


A (2) 


(b) adsorption of a reactant on the 
catalyst surface 


TAg = Br (3) 
(c) surface reaction (single sites) 
C 
$4, (4) 
1 Kar 
(d) surfa¢e reaction (dual sites) 
D 
(5) 
[1 


Equations (2) through (5) result 
from the over-all rate equations for the 
controlling steps when no products are 
present in the feed. This condition is 
realized at the top differential thick- 
ness of a catalyst bed. With these 
equations it is possible to interpret ex- 
perimental data directly. They may 
provide a method for substantiating 
the assumption that a single step con- 
trols the over-all rate of reaction. 

With pressure as the operating vari- 
able the initial reaction rates can be 
represented for Equations (2) through 
(5) as indicated in Figure 1. The hori- 
zontal line representing Equation (2) 
shows the independence of pressure of 
the initial rate of reaction, and Equa- 
tion (3) indicates a direct linear de- 
pendence on pressure. On the other 
hand the equations representative ot 
the surface-reaction equations produce 
relations that are not linear. The one 
involving single sites gives rise to a 
continuous curve approaching an up- 
per limit; the one involving dual sites 
reaches a maximum and then asymp- 
totically approaches zero. 

The straight-line relationships _re- 
sulting from Equations (2) and (3) 
permit the direct establishment of the 
constants for these equations. The con- 
stants of Equations (4) and (5) can 
be obtained directly by rearranging 
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these equations into the following 
linear expressions: 


(6) 


(7) 
TAo \/D 


When the quantities 7/ra, or 
are related to the pressure, a straight 
line will result, the slope and intercept 
of which enable the calculation of the 
constants of Equation (4) or (5). 
Initial reaction-rate data and the use 
of Equations (2) through (5) give in- 
formation regarding the rate equation 
but do not completely describe the 
state of the reactants and products oc- 
cupying the active centers of the cata- 
lyst. In order to establish specifically 
which components are adsorbed and 
what state they exist in on the active 
centers, it becomes necessary to ob- 
tain additional information. In this con- 
nection initial rates resulting from 
mixed feeds give information that 
should completely describe the general 
behavior of reactants and products on 
a catalyst surface and thus enable the 
establishment of over-all reaction rates. 


EXPERIMENTAL PROCEDURE. 


The experimental equipment with which 
the data were obtained is described else- 
where (3). In order to conduct this in- 
vestigation at elevated pressures, a back- 
pressure valve was installed between the 
condenser and the gas separator. With 
this arrangement the pressure of the re- 
action in the course of a run was ade- 
quately controlled and varied a maximum 
of + 2 lb./sq. in. at the highest pressure 
of 14.6 atm. Aside from this modification 
the steps utilized in operating this equip- 
ment were identical with those of the 
earlier work presented by Perona and 
Thodos (3). 

To obtain initial rate data, a differential 


Retainer Ring 


Screen 
Yi Reactor 
Bed 


Fig. 2. Diagrammatic sketch of the cartridge 
type of differential bed reactor. 


prepared from a brass stock having a 
composition of 65% copper and 35% 
zinc, by weight. In order to produce uni- 
formity in size and shape of the catalyst 
to be used, coarse brass filings were drop- 
ped through a three-phase carbon arc, 
where these particles melted, assumed a 
spherical shape, and solidified soon after 
leaving the arc. These raw spherical par- 
ticles were then screened, and only rea- 
sonably round particles which would roll 
off a smooth surface were used in these 
studies. Only those spheres which passed 
through a 50-mesh screen and were re- 
tained on a 60-mesh screen were used as 
the catalyst for this investigation. 

The use of thin differential beds ap- 
proximately 1/16 in. in depth raised 
questions regarding bed uniformity and 
possible channeling effects. To eliminate 


these possible sources of error, the brass 
spheres were thoroughly mixed with glass 
spheres of the same size in the approxi- 
mate ratio of one volume of catalyst to 
twenty volumes of glass spheres. 

The differential reactor was confined in 
a hollow stainless steel cylinder, provided 
with stainless steel screens on the top and 
bottom. These screens were held securely 
in place with bolted-down retainer rings 
and confined the reactor bed within the 
cylindrical volume of the cartridge, which 
fitted snugly inside the reactor tube. A 
diagrammatic sketch of the reactor cart- 
ridge is presented in Figure 2. The cata- 
lyst charge was loaded into the reactor 
cartridge, which was then placed within 
the reactor tube. 

Liquid samples resulting from _ this 
study were analyzed with an_ infrared 
spectrophotometer. Methyl ethyl ketone 
concentrations in sec-butyl alcohol were 
analyzed and ranged from 0.001 to 0.04 
mole fraction. 


QUALITATIVE INTERPRETATION 
OF RESULTS 


Initial reaction rates were calculated 
from a material balance and the ex- 
tent of conversion in the differential 
reactor. The initial reaction rates re- 
sulting from the experimental runs of 
this investigation were used to estab- 
lish the rate equation for this dehydro- 
genation reaction. The majority of runs 
were conducted with pure sec-butyl 
alcohol as feed. To clarify certain as- 
pects of the rate equation, it also be- 
came necessary to use mixed feeds. 
The operating temperature ranged 
from 550° to 700°F. and the pressure 
from subatmospheric conditions to 14.6 
atm. 

To obtain a preliminary background 
on the response of this reaction to pres- 
sure, five runs were conducted at 
700°F. with the same catalyst charge 


Q 
reactor was utilized. The catalyst was 3 oe 
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Fig. 3. Initial rates of reaction vs. total pressure for a feed of 


sec-butyl alcohol. 
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Fig. 4. Initial rate of reaction vs. pressure for a feed of 


sec-butyl alcohol. 
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of 1 g. and a feed rate of 0.0072 lb.- 
moles of alcohol/hr. For these runs 
the pressure was varied from 1 to 12 
atm. The resulting initial rates pre- 
sented in Figure 3 were found to be 
independent of pressure. This behavior 
suggests the possible existence of a 
controlling desorption step. 

To take full advantage of the data 
obtained from a differential reactor, it 
is essential that the resistance to mass 
transfer be minimized. An exploratory 
set of runs was conducted to establish 
the existence of diffusional effects. The 
variation of the initial rate of reaction 
with feed rate was investigated at 600° 
and 650°F. and at several pressures. 
It was found that the initial rate of re- 
action increased to a leveling-off point 
beyond which the resistance to mass 
transfer became insignificant. There- 
fore in order to minimize the concen- 
tration gradients across the gas film 
and to relate the interfacial composi- 
tion directly to the composition of the 
main gas stream, it became necessary 
to conduct the remaining runs of this 
study at high feed rates. 

With this in mind and with a new 
batch of catalyst used the pressure de- 
pendence of this reaction was again 
investigated for three runs at 650°F. 
The resulting rates of reaction are pre- 
sented in Figure 3. They were also 
found to be independent of pressure, ex- 
cept for the value at 13 atm., which hap- 
pens to fall below the other two points. 
This decrease cannot be properly ac- 
counted for by means of experimental 
error. As was the case with the series 
of runs at 700°F., the first two points 
suggest a continuation of the probable 
desorption step exhibited at the higher 
temperature level. However the lower 
initial rate value at 13 atm. gives rise 
to the possibility of the existence of a 
controlling step other than the desorp- 
tion of a product. 

In order to investigate the possible 
cause for this lower initial rate, a 
series of runs was conducted to account 
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Fig. 7. Correlation of initial rate data for a mixed feed of alcohol and 


for possible deviations from a desorp- 
tion-controlling step. Since this rate 
decrease was completely absent at 
700°F., it was assumed that this ef- 
fect would become more pronounced 
with lower temperatures. Table 1 pre- 
sents the experimental results obtained 
at 600°, 575°, and 550°F. from cata- 
lyst beds having the same level of 
activity. For these runs, feed rates of 
approximately 0.0139 lb.-moles of alco- 
hol/hr. were used in the presence of 
a brass catalyst. This catalyst was di- 
luted by glass spheres of the same size 
(50 to 60 mesh) in the proportions of 
twenty parts of glass to one part of 
catalyst in order to realize uniformity 
of flow throughout the differential re- 
actor. These results have been plotted 
in Figure 4 and indicate that a definite 
plateau exists at the 600°F. tempera- 
ture level, which completely disap- 
pears at 575° and 550°F. 

The results presented at 600°F. are 
not only unusual but also unique in 


45 


40 


ow 
a 


P= 4 atm, for all runs 


Fig. 6. Correlation of initial rate data for a 
mixed feed of alcohol and hydrogen. 
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ketone. 


being able to account properly for the 
full length of the horizontal portion of 
the curve. The horizontal portion sug- 
gests the existence of a desorption- 
controlling step, whereas the remain- 
ing portions give a strong implication 
as to the existence of a possible dual- 
site surface-reaction rate equation. 


ESTABLISHMENT OF REACTION RATES 
AND CONTROLLING STEPS 


Surface Reaction 

The general shape of the curves in 
Figure 4 at 575° and 550°F. and the 
nonhorizontal portions of the curve at 
600°F. strongly suggest the existence 
of a dual-site surface-reaction control- 
ling step. In view of this supposition 
these experimental data were fitted to 
Equation (7) by plotting \/a/ra, 
against 7, as indicated in Figure 5. The 
resulting straight lines confirm this 
speculation and allow the calculation 
of K,/\/D as the slope and 1/\/D as 
the intercept. The rate constants re- 
sulting from Figure 5 are as follows: 


D Ka 
550 0.0192 0.30 
575 0.0430 0.412 
600 0.202 0.689 


and permit the calculation of the initial 
reaction rate for this temperature in- 
terval as 
Dp. 
(5) 
[1 + Kapa] 


Equation (5) is applicable for the 
dual-site surface reaction when it is 
the controlling step. These results 
establish the existence of a dual-site 
reaction that should continue to prevail 
when the surface-reaction step is no 
longer controlling. 

The results obtained thus far estab- 
lish the presence of a dual-site reaction 
in which alcohol is adsorbed on a single 
site and is involved with an adjacent 
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vacant site to produce the products 
ketone and hydrogen. Ketone should 
exist only in its molecular state. If 
hydrogen is assumed to exist on the 
surface in its molecular state, the fol- 
lowing over-all rate equation applies 


D| p.— | 
f= 


For a mixed feed containing only 
hydrogen and alcohol, with the partial 
pressure of the alcohol held constant, 
Equation (8) can be rearranged to 
give 


8) 


A Ku 
VD 


Experimental data obtained for a 
mixed feed of alcohol and hydrogen at 
575°F. have been interpreted with the 
aid of Equation (9), and the results 
have been plotted in Figure 6. The 
linearity verifies the fact that the 
hydrogen on the catalyst surface exists 
in its molecular form. The slope K,/ 
VD resulting from Equation (9) en- 
ables the establishment of the adsorp- 
tion equilibrium constant for hydrogen 
once the value of D becomes known 
for the prevailing catalyst activity. 
This investigation was continued at 
575°F. with a feed of alcohol and ke- 
tone in which the partial pressure of 
alcohol was held constant. As a result 
of these restrictions a relation compa- 
rable to Equation (9) was developed: 


TAE, V 


The resulti:g data, correlated with 
Equation (10), again produce a 
straight-line relationship when \/p./rax, 
is plotted against px as shown in 
Figure 7. As for the case of hydrogen, 
the adsorption equilibrium constant 
can be calculated from the slope Kx/ 
VD once the constant D is determined 
for the prevailing catalyst activity. 

A series of runs was made ata con- 
stant activity level that permitted the 
calculation of all the kinetic constants 
for Equation (8) at 575°F. The ther- 
modynamic equilibrium constant was 
calculated from equilibrium studies 
(2) on this system. As a result the re- 


action rate at 575°F. becomes 
| 
0.0366 
1.0369 Pa 1.62 


f= 
(11) 


E 


Pr (10) 


/D 


Desorption of Hydrogen 

The horizontal line of Figure 4 sug- 
gests the presence of a desorption-con- 
trolling step. For a constant alcohol- 
ketone composition the resulting initial 
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TABLE |. INrr1AL REACTION RATES 
RESULTING FROM THE DEHYDROGENATION 
OF sec-BuTYL ALCOHOL 


(feed: 100% sec-butyl alcohol ) 

Catalyst: 1 g. of brass spheres (50 to 60 
mesh) mixed with glass spheres of the 
same size in the proportion of twenty 
parts of glass to one of catalyst. 


ra,, initial rate 


Tem- Ib.-moles 

pera- Pres- Feed of alcohol/ 

ture, sure, rate,lb.-  (hr.)(Ib.- 
Run °F. atm. moles/hr. catalyst) 
5-30 600 1.0 0.01359 0.0392 
6-1 600 7.0 0.01366 0.0416 
6-2 600 40 0.01394 0.0416 
6-3 600 10.0 0.01367 0.0326 
6-4 600 146 0.01398 0.0247 
6-6 600 5.5 0.01389 0.0415 
6-7 600 85 0.01384 0.0376 
6-9 600 3.0 0.01392 0.0420 
6-11 600 0.22 0.01362 0.0295 
7-14 600 1.0 0.01390 0.0410 
7-16 550 10 0.01396 0.0115 
7-17 550 3.0 0.01392 0.0161 
7-18 575 1.0 0.01411 0.0227 
7-19 575 3.0 0.01400 0.0277 
7-20 575 5.0 0.01401 0.0255 
7-21 575 7.0 0.01374 0.0217 
7-23 575 96 0.01342 0.0183 
7-26 550 2.0 0.01386 0.0146 


rates were not independent of pres- 
sure, and on this premise the desorp- 
tion step does not involve ketone. On 
the other hand it was found that for an 
alcohol-hydrogen feed the resulting 
initial rates remained constant and 
were independent of pressure. Since 
the addition of hydrogen in the feed 
gives rise to constant initial rates, it is 
reasonable to assume that the desorp- 
tion of molecular hydrogen is the other 
controlling step. Therefore the follow- 
ing rate equation for hydrogen desorp- 
tion control applies: 


kiKL [p. | 


Px [14+ Kipet | 
(12) 
The initial rate equation for the de- 
sorption of hydrogen follows from 
Equation (12) and is 


TAg = TAH, = 
Ky 
= k’,L = constant 


GENERAL COMMENTS 


The logarithmic values of the con- 
stants D and K, established at 550°, 
575°, and 600°F. were correlated 
against the reciprocal absolute tem- 
perature and failed to produce to con- 
ventional linear relationships commonly 
associated with kinetic studies. Instead 
the two resulting relationships exhibited 
curvatures, and both possessed positive 
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temperature coefficients. From a_ther- 
modynamic consideration Ky, should 
exhibit a negative temperature coeff- 
cient provided that the number of ac- 
tive sites on the catalyst surface re- 
mains constant. The deviations found 
to be present in these studies may be 
explained on the premise of an in- 
creasing number of active sites with 
increasing temperature. For metallic 
catalyst surfaces it is reasonable to ex- 
pect that increasing temperatures will 
produce additional active sites. As a 
result of activation phenomena, inac- 
tive sites which could not participate 
in the reaction at lower temperatures 
became sufficiently energized to par- 
ticipate in the over-all reaction. 

The existence of a model which ex- 
hibits different controlling steps at dif- 
ferent reaction conditions poses a new 
concept in kinetic studies. For these 
dehydrogenation studies the dual-site 
surface reaction involving an adsorbed 
alcohol molecule and an adjacent va- 
cant site changes to a surface-control- 
ling step in which the adsorbed mole- 
cule and a vacant adjacent site react 
to produce adsorbed ketone and molec- 
ularly adsorbed hydrogen. The surface- 
controlling step is favored at the lower 
temperatures and is independent of 
pressure. With increasing temperature 
the rate of the dual-site surface reac- 
tion increases more rapidly than the 
rate of the desorption step, which be- 
comes the controlling step in the over- 
all reaction. This behavior is apparent 
from the results of Figure 3, in which 
the data at 700°F. indicate that the 
desorption step controls throughout the 
entire pressure range investigated. 
With decreasing temperature the con- 
trolling desorption step continues to 
control over a limited pressure interval. 
Outside this interval the surface reac- 
tion controls, as shown in Figure 4, at 
600°F. With continued temperature 
decrease the controlling desorption 
step disappears completely in favor of 
a surface-reaction controlling step. In 
view of these findings, it becomes nec- 
essary to consider the rate of reaction 
with two possibilities involving both 
steps and to select as limiting that step 
which produces the lower reaction rate. 


NOTATION 


a,b,c,d = constants for Equation (1) 

A,B,C,D = over-all rate constants, 
Equations (2), (3), (4), 
and (5) 

ky = forward-reaction velocity con- 
stant for the adsorption of 
hydrogen 

Kn = reverse-reaction velocity con- 
stant for the adsorption of 
hydrogen 

K = over-all thermodynamic equi- 
librium constant 
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K, = adsorption equilibrium con- pz = partial pressure of hydrogen, 
stant for alcohol atm. 
Kn = adsorption equilibrium con- * = rate of reaction, lb.-moles/ 
stant for hydrogen (hr. ) (Ib. of catalyst) 
= adsorption equilibrium con- rate of 
stant for hetone feed containing on y alcoho 
L a ge it tau, = initial rate of reaction from 
ons a feed containing alcohol 
= prpeer er, (1+Kuaps)/V rax, = initial rate of reaction from 
Ppa = partial pressure of alcohol, a feed containing alcohol 
atm. and ketone 
Px = partial pressure of ketone, 1%,,x.,%, = independent variables for 
atm. 


Equation (1) 


y = dependent variable for Equa- 
tion (1) 
T = total pressure, atm. 
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A Study of Sieve-Tray Efficiencies 


The performance of sieve trays in the rectification of the methanol-water system without en- 
trainment or leakage from the perforations was studied in an 8-in.—diameter five-tray column. 
The trays had a 2-in. weir height and 4-in. length of liquid path. Three tray geometries were 
studied: 1/4-in. diameter holes on 3/4-in. triangular spacing, 1/8-in. holes on 3/8-in. tri- 
angular spacing, and 3/16-in. on 7/16-in. triangular spacing. The superficial vapor velocity was 
varied from 2.2 ft./sec. to the limit of stable operation, which for this apparatus was 4.4 ft./sec. 
The ratio Ly/V within the column was varied from 1 to 0.5. The Murphree plate efficiency varied 
greatly from 105% at low concentration to 82% at high concentrations of methanol. Variations 
of 10 or 12 efficiency % were noted owing to changing velocities and tray geometries. Measure- 
ments of concentration gradients, foam heights, and gas pressure drops are also reported. This 
paper proposes a method of calculating the point efficiency and the number of individual-phase 
mass transfer units independent of the actual! concentration gradient on the tray. 

The method is applied to the methanol-water data, and calculated point efficiencies range from 
50 to 65%. The value of 1/Nz for the methanol-water system is found to be small. The values of 
Ne and the effect of the velocity on Ne are believed to be the first in the literature for a tray 
in distillation operation. The effect of velocity is shown to be in agreement with the theory 
proposed by Gerster and co-workers. It is shown that ke’ ac decreases for increasing free area and 
increasing hole size. Finally variation in Lir/Vi is shown to have little effect on Exy. 


Fractionation in tray type of distil- 
lation columns is perhaps the most 
widely used means of separating the 
components of a liquid mixture. The 
calculation of the number of trays re- 
quired for such a separation can be 
made readily (31) even for the most 
complicated separations. However only 
in recent years has much effort been 
directed toward analyzing the effi- 
ciency of operation of such trays in 
view of modern mass transfer theory 
(1, 5, 6, 9, 14, 16, 17, 23, 27). Any 
such analysis is complicated by the 
large number of variables involved in 
the properties of the gas and liquid 
phases, the conditions of operation, 
and the geometry of the system. 


J. M. Hay is with Dow Chemical of Canada, 
Sarnia, Ontario, Canada. 
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This paper reports efficiency data 
obtained by operating an 8-in. sieve- 
tray column at total reflux on the sys- 
tem methanol-water and discusses the 
data in the light of recent theory. A 
special study is made of the number of 
gas-phase transfer units. 

The definitions of the transfer unit 
terms, appearing in the notation, will 
be assumed known to the reader. The 
usual assumptions made in using them 
are that the driving forces are concen- 
tration difference for liquids and par- 
tial-pressure difference for vapors and 
that equilibrium exists at phase inter- 
faces. In addition in this paper it will 
be assumed that the vapor composition 
below a tray is uniform, that there is 
no back mixing of the vapor in the 
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vertical direction, and that there are 
no unusual end effects at either bub- 
ble formation or break. 


THE ADDITION OF RESISTANCES 


The basic equation for obtaining the 
individual gas-phase value depends on 
the well-known (32) equation describ- 
ing the additivity of resistances: 


1 1 MeV 1 


1 
Noe Ne Ly Nz 


Normally in using this equation one 
assumes N, and N, to be constant and 
plots 1/Noc against (m-Vw)/Ly to ob- 
tain N, from an intercept on such a 
plot. Using total-reflux sieve-tray plate- 
efficiency data, one must modify this 
direct approach in two ways. 

First with total reflux data Vu/Ly 
has a value of unity, and (meVu/Lu 
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TABLE 1, TABULATION OF TRAY GEOMETRIES 


Triangular 
Position Hole spacing, 
Tray in diameter, center to 
type column in. center, in. 
I 1 1/8 3/8 
II 2 3/16 7/16 
Ill 3 1/4 3/4 
II 4 3/16 7/16 
I 5 1/8 3/8 
IIA 1 3/16 3/8 
IIIA 1/4 3/4 


% free area based 


on 
No. Free area, Bubbling Column 
of moles sq. ft. area area 
216 0.0185 8.56 5.23 
145 0.0278 12.87 8.02 
49 0.0167 7.73 4.82 
149 0.0286 13.21 8.23 
218 0.0186 8.61 5.36 
151 0.0290 13.41 8.34 
73 0.0249 11.51 17.37 


Velocities used: Series A 5.8 moles/hr. B 6.8 moles/hr. C 9.4 moles/hr. D 11.3 moles/hr. 


can be changed only by changing the 
concentration on the trays, which will 
affect the values of Ng and N,. It is 
necessary, therefore, to introduce into 
Equation (1) correction factors similar 
to those used by Oliver and Watson 
(33), which allow for the effect of 
these variables: 

1 


MgVy A 1 
Na te 


where, from the definitions of N, and 
Ne 


(2) 


An equation similar to (2) can be 
written for the liquid phase: 


1 1 1 
NotA Nis mVy A 


(5) 


The second factor to be considered, 
and one which still prevents the direct 
application of the revised Equation 
(2), is that the type of mixing on a 


Location of 
Run sampler 


Reflux sample 
Before After 


31 Vapor above tray 90.5 89.4 
Foam liquid 
Liquid on tray floor 
Vapor below tray 


34 Vapor above tray 
Foam liquid 
Liquid on tray floor 79.9 77.4 
Liquid on tray floor 77.4 74.8 
Vapor below tray 


36 Vapor above tray 52.9 51.1 
Foam liquid . 
Liquid on tray floor 
Vapor below tray 


* Average values. 
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sieve tray is not known. Thus Nog ap- 
plying at a point cannot be obtained 
directly from the observed tray eff- 
ciencies. It is proposed that a pseudo 
number of transfer units be defined as 
the Nog value calculated from the com- 
position change across the tray on the 
assumption that each of the following 
cases is applicable: 

(a) The liquid may be completely 


mixed; then 
Noe = —In(1— Exy) (6) 


(b) As considered by Lewis (24), 
the liquid may be completely mixed 
in the vertical direction but not mixed 
in the direction of liquid flow; then 


iL MrV 
Lu 


where Eoy is related to the value of 
No« by an equation similar to (6). 

(c) As described by Kamei and 
Takamatsu (23) there may be no mix- 
ing in the direction of either liquid or 
vapor flow. These authors presented 
graphically the relationship between 
(is Vu) / Zy; Zu, and Noe: 


TABLE 2, CONCENTRATION GRADIENTS 


(Concentration in mole per cent methanol ) 


Sampler Liquid 
location leaving plate Reflux 
1 2 3 Before After reading 


86.4 85.6 82.6 75.2 73.2 45.5 
— 78.4 746 

77.4 73.4 69.3 

79.4 76.4 73.7 


— 786 74.1 

— 65.1 55.7 

51.6 49.1 48.1 60.7 40.9° 
40.4 35.9 34.9 56.1 

— 60.3 53.0 

59.1 54.4 50.6 17.7 14.4 30.0* 


35.0 25.4 21.2 
16.3 114 7.0 
27.1 23.0 19.4 
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To obtain No, for Equation (5) two 
special cases are applicable: 

(a) If it is assumed that the liquid 
moves across the plate in plug flow and 
that the equilibrium concentration x* 
remains constant on the tray, then 


Nor, = —In(1 — Ewz) (8) 


(b) If it is assumed that the liquid 
on the tray is completely mixed and 
the equilibrium concentration remains 
constant, then 


If there is no mixing on the tray 
in either phase, the Kamei and Taka- 
matsu relationship between Ew:, Nox, 
(mr’Vx) /Lu, Zu, and Zy discussed 
above will apply. 

In the case of extrapolation to 1/N, 
all the special cases should have the 
same intercept since they all assume 
that there is no mixing of the vapor in 
the direction of vapor flow. This as- 
sumption is reasonable since, in gen- 
eral, vapor bubbles will rise through a 
liquid with little tendency for back 
mixing. 

However for the case of extrapola- 
tion to 1/Nzs no such assumption is ap- 
plicable, for it is exactly the variation 
among types of mixing that necessitates 
the theoretical approach proposed in 
this paper. Thus the intercept corre- 
sponding to Equation (8) will be dif- 
ferent from that of Equation (9), and 
the Kamei and Takamatsu intercept 
would be expected to be the same as 
for Equation (8). The two intercepts 
should give the limits of Nis. It may 
be added here that for most practical 
cases 1/N,5 will be small and will have 
little effect on the calculated point 
efficiency except for very large values 
of mg. 


Prod- 
Temper- uction Top Vapor 
ature, °C read- plate flow top 
Top return ing moles/hr. 
68.7 30.5 12.45 
73.6 23.7 11.80* 
82.5 23.0 10.13° 
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Fig. 1. Representation of mass transfer driving 
forces on x-y diagram. 


It will be noted that No,’ is calcu- 
lated for a concentration change tak- 
ing place across a whole tray, whereas 
mo, A, and B refer to mass transfer 
taking place at particular liquid and 
vapor compositions. 

Actually these quantities are calcu- 
lated at the average liquid and vapor 
compositions across the tray, the con- 
centration changes being small, and 
thus only a very small error is intro- 
duced. 

The method .as developed to this 
point could be used with data ob- 
tained from a number of systems each 
of which had a different constant 
value of mg. However it seems more 
realistic at the present time to employ 
a single system having a variation in 
mg. In this latter case the effect of the 
physical-property corrections is small. 
For boiling systems the equilibrium 
line will be curved, and it is necessary 
to calculate m,, mz, and for the 
curved equilibrium line. 

It is easily shown that the following 
define mg and m, exactly: 

Ne = mM, = (10 a,b) 

x—X; x;—x* 
where x; and y: are equilibrium values 
on the line of slope —N:/N, passing 
through x, y. It is therefore necessary 
to determine x; and y,:, which requires 
a trial-and-error solution. To do this 
the ratio Nis/Nes is first assumed and 
N./N, calculated for other composi- 
tions. Nzs and Nes are then determined 
by extrapolation, and the original as- 
sumption is checked. 

For use in the Lewis equation, for 
a curved equilibrium line the follow- 
ing is assumed: 


y*s Y* 


Xon—Xoret 


Mr (11) 
Figure 1 has been included to il- 
lustrate the various slopes m,, mz, and 
mr referred to in this paper. 
For the special case of Kamei and 
Takamatsu it was assumed that mz,’ 
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could be approximated by Equation 
(11); this gave reasonable results. 


EXPERIMENTAL APPARATUS 


The experimental apparatus and the 
trays employed are illustrated in Figures 
2 and 3. Table 1 lists the various tray 
geometries employed. A standard distilla- 
tion circuit was used, the overhead product 
being recycled to the reboiler. A complete 
description is given in reference 19. The 
top tray was located in a glass cylinder for 
visual observation of foam height and 
leakage. 

Samples were taken from the down- 
comers as illustrated in Figure 4, by 
method similar to that of Garner et all. 
(13). The method of sampling and analy- 
sis must be as precise as possible mainly 
because of the apparent magnification of 
errors caused by taking differences in 
Equations (5) and (6). 

The top tray was used for a study of 
concentration gradients. Samples were 
withdrawn from the floor of the tray, from 
the foam ¥% in. above the floor, and from 
the vapor above and below the tray by 
means of fixed sampling probes in the floor 
(Figure 3) and a movable probe for the 
liquid and vapor. 

Foam heights were measured visually by 
using the top tray. All tray types were 
installed in the top position during the 
course of the experimental work to obtain 
foam heights and concentration gradients. 

Pressure drops across the trays were 
also measured. After correction for the 
dry-tray pressure drop these were used to 
obtain foam densities. 

Thermometers were installed in the 
vapor above all trays. In addition the 
temperature above tray 4 was recorded. 
Only after all temperatures and flows had 
been steady for at least % hr. were the 
samplers hued off and samples taken; a 
steady temperature was defined as a 
temperature constant within +0.25°C. 
Usually the apparatus required 2 to 5 hr. 
to reach steady conditions; during this 
time the column was operated manually. 


DISCUSSION OF RESULTS 


The column was operated at four 
vapor velocities, denoted on the graphs 
as series A, B, C, and D, ranging from 
5.85 to 11.34 moles/hr. Data were 
taken on the three tray geometries. 
There was no entrainment at the high- 
est velocity that could be detected by 
injecting dye on one of the intermediate 
trays and sampling the liquid from the 
tray above. Also there was no visible 
leakage from any of the tray types at 
the lowest velocity. 


CONCENTRATION GRADIENTS 


Table 2 shows some typical concen- 
tration gradients. In interpreting these 
measured concentrations, one should 
note that when vapor samples and 
samples are obtained from the foam, a 
slight amount of the undesirable phase 
may be sampled. This is more critical 
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Fig. 2. Detail drawing of column. 


for the vapor than the liquid, since a 
small amount of entrained liquid could 
have a great effect on the measured 
concentration. 

Vapor concentration gradients were 
evident for the runs where the total 
change in concentration across the tray 
was large. However the effect of these 
vapor gradients on tray performance 
must be small, since the same tray per- 
forms identically in positions 1 and 5 
in the column; position 5 has of course 
a homogeneous vapor below it. 

Examination of the liquid concen- 
tration gradients shows that in some 
runs the concentration of the liquid on 
the tray floor is lower than that of the 
liquid leaving the tray. Further, the 
concentration in the foam above the 
tray floor is always higher than on the 
floor. These data therefore suggest a 
vertical concentration gradient in the 
liquid worthy of further study. 

It was felt that the trays in this col- 
umn were too short to warrant any at- 
tempt to use the concentration grad- 
ients to study mixing theory. 
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FOAM PROPERTIES 


The volumetric gas holdup and clear 
liquid holdup on the tray are required 
for the calculation of contact time. 
Foam heights and pressure drops were 
measured at the four velocities and for 
the three tray geometries shown ir: 
Table 1. A typical plot of the data is 
shown in Figure 5. The scatter in the 
data is large at the low weir height 
used, and the two low-velocity curves 
A and B and the two high-velocity 
curves C and D cannot be separated. 
The foam pressure drop AP in centi- 
meters of water is shown on the plots 


| WEIRS 
BUBBLING 
AREA | A | 
i} | DOWNCOMER 
6 
SAMPLE 


Fig. 4. Sketch of tray and sampler. 
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together with AP,’ in terms of the aver- 
age liquid density on the tray. 

The foam volume ratio is the ratio 
of clear liquid height to foam height. 
Although its accurate calculation is 
difficult because of the errors in meas- 
urement, a value of ¢’ is calculated by 
using Z, and AP,’. Here ¢’ is propor- 
tional to ¢ provided that the difference 
between AP, and the clear liquid head 
is constant (3,22). Other effects such 
as the influence of interfacial tension 
have been neglected in the calculation 
of ¢’ in this paper. 

The purpose of the foam study pre- 
sented here was to determine the varia- 
tion of foam density and foam height 
with gas rate, composition, and free 
area for the methanol-water system. 
The data are seen to support the as- 
sumption that the gas and liquid hold- 
up do not vary significantly with com- 
position for the system studied. Also 
¢ is constant with varying gas velocity, 
but the foam height increases with in- 
creasing gas velocity. The effect of hole 
size is negligible. However for the tray 
with increased free area the foam den- 
sity decreased, since the foam height 
was almost the same for all trays; B 
increased and ¢ decréased for this tray. 

In a separate study Price (30) has 
reported increasing value of ¢’ as the 
weir height was increased. 

It is recognized that these conclusions 
are debatable because of the scatter of 
the data. However they are also sup- 
ported by other data in the literature 
(4,27) (taken from nonboiling trays) 
with the notable exception of the data 
of Gerster and Foss (17). These latter 
authors reported decreasing ¢ values 
with increasing gas velocity, but it is 
not clear whether or not the effects of 
free-area change have been eliminated. 


While the ¢ values calculated in this 
study are not sufficiently accurate to 
resolve controversies regarding the fac- 
tors influencing them, it is believed 
that final values of B/U shown on Fig- 
ure 11, which depend on the ¢ values, 
are accurate to + 0.01. 


TRAY-PERFORMANCE DATA 
AT TOTAL REFLUX 


Because the calculation of efficien- 
cies from experimental data magnifies 
errors, the authors would like to dis- 
cuss their treatment of the data in de- 
tail. It should be noted that at total 
reflux the concentration of liquid leav- 
ing a tray is the same as the vapor 
entering it. It is postulated that the 
concentration change across a tray will 
be a unique, continuous function of 
the average concentration of the liquid 
on the plate. Therefore the experi- 
mental data were plotted as Yorr — Yon 
against the arithmetic average concen- 
tration Yavg. 

Here Ys, and Y,, are the average 
mole fractions of more volatile in the 
vapor leaving or entering a tray and 
are obtained from the liquid samples, 
since the column is operated at total 
reflux. 

An average curved line was drawn 
through the data on such plots, as il- 
lustrated in Figure 6. Efficiencies were 
then calculated from those smoothed 
curves for all further calculations. 

These curves were drawn for all 
plates for all vapor velocities. Com- 
plete data are given in reference 19. 
The method described above was then 
applied for each geometry and velocity 
with a standard state of 60 mole % 
methanol used. This reference concen- 
tration was chosen because 1/Ng was 
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practically as large and 1/N, was 
larger than at any other concentration. 

The method of calculation uses the 
following steps: 

(a) Using the smoothed data for 
average vapor compositions at 10, 20 
....80 mole % calculate and 
For example if (Yorr+Yon)/2 = 10.0 
mole % and the corresponding Y,.— 
Yo. = 15 mole %, then Y,, = 2.5 mole 
% and Y.:; = 17.5 mole %. Since the 
column is operated at total reflux, 
Yea = 2.5 mole % and 
= 17.0 mole % from the equilibrium 
diagram for methanol-water. 

(b) In order to find mz and m, for 
each composition, the corresponding 
values of x; and y,; must be found as 
described above. Assumed values at 
the reference concentration, for ex- 
ample N:/Ne o = 3.0, are taken, and 
N,/N, for the other compositions are 
calculated with the A and B factors 
defined basically in equations but mod- 
ified as discussed in the following 
paragraphs. 

The A.I.Ch.E. group report the ef- 
fect of physical properties on Nz of 


(D,°°T pote) 
( D,°*T ) 


No = New (12) 
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| 


Fig. 6. Tray performance. 


From measurements of ¢ reported 
previously, it appears that t, is not a 
function of composition. Furthermore 
the effect of density is seen to be 
small, and the effect of viscosity (al- 
though not yet reported by the 
A.I.Ch.E. group) would be expected 
to vary inversely with density. There- 
fore for the system methanol-water 


(13) 


The A factor is calculated from 
Equation (3). The exact proportional- 
ity between k, and D, is not known 
for a foaming tray but here has been 
taken to be proportional to Ngc**, pri- 
marily following the work of Danck- 
werts (10). The inclusion of p; and p; 
in the Schmidt number is an assump- 
tion. It would be expected that a, 
would be independent of composition, 
and in this work « was found to be 
similarly independent. The volumetric 
flow rate is not constant but is in- 
versely proportional to py:. From these 
arguments A is defined for the system 
methanol-water as 
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The A and B correction factors are 
shown in Figure 7. 

With the smoothed data (for ex- — 
ample Figure 6) used, the calculations 
were made for the average tray com- 
positions, at increments of 10% from 
10 to 80 mole % methanol. Composi- 
tions below and above these values 
were not used because the concentra- 
tion differences are so small and/or 
the slope of the equilibrium curve is so 
large that there is an undesirable mag- 
nification of errors. 

(c) By means of the over-all con- 
centration change and the smoothed 
data Eyy, and m, are calculated. 
Then Noe’, 1/Noe’B, Nov’, and 
are calculated for each of the three 
special cases for the gas-phase driving 
force and for the two special cases for 
the liquid-phase driving force. Figures 
8 and 9 show the plots of these curves 
and the extrapolations to 1/N¢ and 
1/N: for these operating conditions. 
It should be noted that the Nx w/Ne « 
calculated from these extrapolations 
must check the original assumption. 

Now with Ne « and N; » known, Ne 
and N, at other compositions may be 
calculated by the use of B or A factors. 
In turn the point efficiency may be 
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calculated by combining these indi- 
vidual-phase transfer units by means of 
Equations (1) and (6). The values of 
Eyy and the calculated Eo, are shown 
in Figure 10 together with curves for 
other velocities for this tray geometry. 
This figure demonstrates the effect of 
the liquid gradients on the tray on Eyy. 

Figure 10 indicates several interest- 
ing effects of changing methanol con- 
centration upon Eoy and Eyy. Eoy is 
seen to decrease at lower concentra- 
tion. This is believed to be caused by 
the corresponding increase in mg, re- 
sulting in the liquid-phase resistance 
becoming appreciable. 

At the same time Ey, increases with 
decreasing methanol concentration. 
This is believed to be the result of 
increasing the liquid concentration 
change across a given tray at these 
lower concentrations. Thus it could be 
expected that this increased concen- 
tration change would increase the con- 
centration gradient, decreasing the ef- 
fects of mixing and therefore increas- 
ing Eyy. Presumably if reliable data 
were available at concentrations lower 
than those shown on Figure 10, it 
could be shown that Ey, approaches 
Eoc as the methanol concentration ap- 
proaches zero and the liquid concen- 
tration change across the plate ap- 
proaches zero. 

It is obvious that the liquid concen- 
tration change across the tray is gov- 
erned by the shape of the equilibrium 
curve for total reflux operations. Thus 
the plot of Ey against concentration 
for any system under total reflux con- 
dition is dependent upon the shape of 
the equilibrium curve. 

It is obvious from Figure 9 that the 
extrapolation to 1/N,s is questionable 
because of the difficulty of extrapola- 
tion and because the actual degree of 
mixing is unknown. However 1/N,, is 
small and is significant only at high 
values of mg. In this work the extrap- 
olation of Equation (8) was used for 
N,, because, for the system used, in- 
creasing m,, in general corresponds to 
increasing values of Y,, — Yorr, and 
therefore the tray performance is ap- 
proaching that for no liquid mixing. At 
the same time the extrapolation of 
1/N,, is not considered sufficiently ac- 
curate to attempt a more fundamental 
analysis of N, such as will be con- 
sidered for Ne. 


THE EFFECT OF 
GAS VELOCITY ON Nz 


When one follows the mass transfer 
theory outlined above, the N, values 
can be treated further. From the defi- 
nition of N, it is apparent that Nz is 
not a function of liquid rate, provided 
that B does not vary with liquid rate. 
The effect of liquid rate on Z, has 
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Fig. 7a. A factor vs. liquid composition for methanol-water. 


been shown to be very small (1), and 
therefore little effect on 8 would be 
expected. 

Theoretically if the assumptions 
outlined in the introduction are ap- 
plicable, a plot of Ne against B/U 
should yield a straight line passing 
through the origin with slope ke’dc, if 
k.’dq is not a function of gas velocity. 
Such a plot is presented in Figure 11 
for a bulk composition of vapor and 
liquid’ of 60 mole % methanol. Also 
included on the plot are the data of 
Price (30) for 3- and 4-in. weirs with 
the same apparatus, system, and cal- 
culation methods. 


Some care must be taken in drawing 
conclusions from such a plot since it 
is difficult to measure B/U with ac- 
curacy. It has been shown that a given 
weir height ¢ is practically constant 
with gas velocity, and therefore the 
time of contact is proportional to Z,. 
The foam height does increase with 
gas velocity, and therefore the time of 
contact does not decrease proportion- 
ately with increasing gas rate. 


A DISCUSSION OF TIME OF CONTACT 


It is evident that the effect on N, of 
vapor velocity depends to a large ex- 
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Fig. 7b. B factor vs. vapor composition for methanol-water. 
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tent on the definition of the time of 
contact for which several relationships 
have been proposed. Geddes (14) 
suggested that bubbles rose through 
the foam at the terminal velocity of a 
freely rising bubble, and therefore the 
time of contact would be independent 
of vapor velocity. Several investigators 
(7, 12) have supported this idea, but 
the data were taken on bubble-plate 
trays in which there might be rela- 
tively little interference between bub- 
bles from adjacent slots. 

Stone (33) has proposed that the 
bubbles actually push each other 
through the foam at a velocity propor- 
tional to the superficial gas velocity, 
and therefore the time of contact is 
proportional to Z,/U. Using both bub- 
ble-cap and sieve trays operating at 
high gas velocity, he found support 
for this relationship. Anderson’s data 
(2) on sieve trays also supported 
Stone’s mechanism for weir heights of 
2 in. In this paper the contact time 
proposed by Gerster is used: 


B 


U 
Except for the obvious difficulty of 
measuring ¢ at low seals, it provides 
an accurate definition of t, over the 
range of interest. 

t, having been defined in this man- 
ner, the data reported here shows that 
k,’ d¢ is a function of tray geometry 
but not of gas velocity. This is differ- 
ent from the results of the A.I.Ch.E. 
group (1), which used bubble trays 
where k,’ dg is a function of gas veloc- 
ity up to a limiting value. It is sug- 
gested here that the latter effect is due 
to increasing dg; with increasing gas 
velocity the bubbles tend to break up 
until they reach a minimum average 
size at the limiting velocity. As a part 
of this study Price (30) has found 
that ¢ varies with weir height, and 
therefore the time of contact is not 
proportional to Z./U if a number of 
weir heights are to be considered. 
However on Figure 11 this effect does 
not appear when time of contact is de- 
fined as B/U; for each tray geometry 
a straight line through the origin is 
seen to represent the data adequately. 


THE EFFECT OF TRAY GEOMETRY 


The effect of tray geometry is re- 
flected by the slopes of the lines on 
Figure 11. Type I trays have larger 
ko’ dg values than the other two types, 
but types II and III have almost in- 
distinguishable slopes. 

The experimental evidence that is 
available to support any explanation of 
mass transfer within the foam is re- 
stricted to foam density and foam 
heights, both of which are difficult to 
measure exactly. These data do not 


Page 379 


2-8 
|é 
12 
| 
0-4 
| 
2-4 
2 
1-2 
08 
# 
/ “a 
/ 
04 
TACT 
0 =~ 
of 0.4 08 2 , 20 2-4 28 32 
| 
|| 


2.4 | 
TRAY TYPE I ie 
1.6 
Ng 
08 
| | 
.04 08 2 16 
By 
2.4 | 24 | va 
TRAY TYPE IT TRAY TYPE 
° 
16 16 
0.8 0.8 
04 08 12 16 04 .08 12 16 
B/y M 


Fig. 11. Number of gas phase transfer units vs. time of contact. @ 4-in. 


weirs, 0 3-in. we 


indicate changes in interfacial area, 
since the number and size of bubbles 
could be changing without affecting 
foam density. The bubble shape also 
changes, but the assumption of essen- 
tially spherical bubbles is generally 
made to affect some _ simplification; 
photographic studies have indicated 
that this is reasonable (11). 

The performance of type I and type 
III. trays which have the same free 
area can be compared to indicate the 
effect of hole size. The foam density is 
seen to be constant for both trays, and 
k,’ ad, decreases with increasing hole 
size. This decrease is believed to be 


irs, x 2-in. weirs. 


due primarily to a decrease in dg with 
increasing hole size rather than a de- 
crease in the turbulence and therefore 
a decrease in k,’. 

With type II tray the free area was 
increased. It is possible that the time 
of contact was increased while k,’ dg 
was decreased. 


END EFFECTS 


Work with single bubbles (9, 18, 
31) and the study of Anderson (2) 
have shown that kg is probably higher 
at formation than during bubble rise. 
Anderson has noted that this effect is 
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not apparent at higher seals, since the 
bubble a, at formation is smaller than 
in the foam, probably owing to bub- 
ble breakup. The data on Figure 11 
and the work of the A.I.Ch.E. group 
(1) support the assumption that end 
effects are small. 


EFFECT OF REFLUX RATIO 


A few runs were made at reflux con- 
ditions other than total reflux and are 
reported on Figure 12. For a given 
tray geometry and change in liquid 
concentration Ey, was found to be 
practically independent of reflux ratio. 
It was found empirically that less 
scatter of the data was obtained by 
using Yar, than using X.., in plotting 
the points on this graph, Ya. and X., 
no longer being equal as for the total 
reflux runs. It is recommended that the 
point efficiency be calculated as for a 
total reflux run and that the appropri- 
ate mixing Equation (24, 26) be used 
to yield Exy for a tray under any oper- 
ating condition. 


CONCLUDING REMARKS 


This paper has provided new effi- 
ciency data for the operation of sieve 
plates in an 8-in.diameter column on 
the system methanol-water. It is be- 
lieved that the values of Ng are the 
first reported in the literature for a 
tray in distillation operation. 
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NOTATION 


A = correction factor for N, to 
standard set of conditions 


(60 mole % methanol) 


a = interfacial area per unit vol- 
ume of foam, sq. ft./cu. ft. 

deg = interfacial area per unit vol- 
ume of vapor, sq. ft./cu. ft. 

dy, = interfacial area per unit vol- 
ume of liquid, sq. ft./cu. ft. 

B = correction factor for Nz to 
standard set of conditions 
(60 mole % methanol) 

b = constant 

c = concentration, lb. moles/cu. 
ft. 

D, = diffusivity in the liquid, sq. 
cm./sec. 

D, = diffusivity in the vapor, sq. 
cm./sec. 

Eyy = Murphree plate _ efficiency 
based on vapor driving force 

Ey; |= plate efficiency based on liq- 
uid driving force 

= point or local efficiency 


based on vapor driving force 
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K, 


My 
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te 


= over-all mass transfer ooeffi- 


cient based on vapor driving 
force, lb.moles/ (sq.ft. ) (sec. ) 
(atm. ) 


= over-all mass transfer coeffi- 


= individual 


cient based on liquid driving 
force, lb. moles/(sec.) (sq. 
ft.) (Ib. mole/cu.ft. ) 
gas-phase mass 
transfer coefficient, lb.moles/ 
(sec. ) (sq.ft.) (atm.) 


= kg P/pug or keRT, ft./sec. 
- individual liquid-phase mass 


transfer _ coefficients, |b. 
moles/(sec.) (sq. ft.) (Ib. 
mole/cu. ft.) 


= liquid molar flow, moles/ 


sec. 
length of over-all gas phase 


transfer exit, ft. 


= molecular weight 


I 


slope of equilibrium line 
slope of equilibrium line with 
calculations based on vapor 
driving force defined by 
Equation (15) 

slope of equilibrium line with 
calculations based on liquid 
driving force defined by 
Equation (15) 

slope of equilibrium line de- 
fined by Lewis to relate point 
and plate efficiencies on a 
tra 

slope of equilibrium line de- 
fined by Kamei and Taka- 
matsu to relate Nog and Ey, 
on a plate 

number of individual vapor- 
phase mass transfer units = 


Pua U 

number of individual liquid- 
phase mass transfer units = 
kia = kart, 

number of over-all gas-phase 
mass transfer units = K,PaZ,/ 
pucU 

number of over-all liquid- 
phase mass transfer units = 
KipurdZy/ Ly 

Schmidt number 
pressure, atm. 

total volumetric flow of liq- 
uid across tray, cu. ft./sec. 
absolute temperature 

time of contact in general 
solution of unsteady state 
diffusion equation applied to 
liquid at interface of a bub- 
ble, sec. 

time of contact of vapor with 
liquid on tray, sec. 

time of contact of liquid with 
vapor on tray 

linear velocity of vapor with- 
in the column based on the 
bubbling area, ft./sec. 

molar vapor flow, moles/sec. 
average mole fraction more 
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volatile in the liquid enter- 
ing or leaving the tray 

x = mole fraction more volatile 
in the liquid at a particular 
point on the tray 

Y = average mole fraction more 
volatile in vapor entering or 
leaving the tray 


y = mole fraction more volatile 
in vapor at a particular point 
on the tray 

yf = height of foam, ft. 

Greek Letters 

B = volumetric holdup of vapor 


in foam, cu. ft./ sq. ft. of tray 
bubbling area 


€ = total volumetric holdup of 
liquid on tray, cu. ft. 
AP,’ = pressure drop through foam 


on tray corresponding to 
clear liquid head, cm. of liq- 


uid on tray 


AP, = total pressure drop through 
the tray cm. of water 
AP; = difference of pressure drop 


through foam and clear liq- 
uid head on tray 


p = density, lb./cu. ft. 

Pur = molar density, lb. moles/cu. 
ft. 

d = volume fraction of clear liq- 


uid on tray, cu. ft. of liquid/ 
cu. ft. of foam 
= AP,’/Zy 


m = viscosity of liquid 

Subscripts 

G = gas or vapor phase 

i = concentrations at the inter- 
face 

B = liquid phase 

M = quantities on molar basis 

on,off = compositions entering or 
leaving tray respectively 

S = standard or reference con- 


centration to which N, and 
N, at other concentrations 
and physical properties are 
corrected 

XonXorr, = material to which the equi- 

Kaekex librium refers; Y*x,, = the 
mole fraction more volatile 
in a hypothetical vapor in 
equilibrium with the liquid 
entering the tray, used with 
superscript * 

Superscript 

a = phrase mole fraction more 
volatile in a _ hypothetical 
liquid in equilibrium with; 
material with which equi- 
librium occurs is denoted by 
the subscript 
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Comparison of the Specific Resistances of 


Cakes Formed in Filters and Centrifuges 


V. V. VALLEROY and J. O. MALONEY 


Resistances to the flow of fluids through porous beds were determined in a compression- 
permeability cell, a vacuum test filter, and an experimental centrifugal filter. The study was 
made on nearly incompressible beds composed of Lucite spheres having a given size distribution. 
The results show that liquid flow through the cakes in all three kinds of equipment can be 
described by a common basic equation, the terms of which are modified to reflect the type of 
operation. The centrifugal-drainage data confirm the form of the centrifugal-filtration equa- 
tion. The specific resistances deduced from vacuum-filtration and centrifugal-drainage tests 
agree with permeability-cell alphas within 16% at the same A P and within 2 to 3% at the 


same porosity. 


The development of the principles 
and the experimental techniques for in- 
vestigating filtration and centrifugal fil- 
tration in the last decade has encour- 
aged studies of the two separate 
operations as a single one. Storrow and 
his co-workers (5) showed experi- 
mentally that the same type of equa- 
tions applies to both types of filtration. 
Grace (4) demonstrated in several 
cases that there was a reasonably close 
agreement between the specific re- 
sistance measured in filtration and that 
measured in centrifugation apparatus. 
The objective of this work was to study 
further the degree of agreement which 
could be obtained between the specific 
resistances measured in permeability 
cells, in vacuum filters, and in a centri- 
fuge. Also the authors wished to com- 
pare their results with those predicted 
from the Kozeny-Carman equation. 

Centrifugal filtration is basically an 
operation in which a centrifugal-force 
field is substituted for the pressure- 
driving force encountered in normal 
pressure or vacuum filtration. There 
are, however, a number of differences, 
and these have been pointed out by 
workers in the field who have proposed 
equations to describe the operation. 

Maloney (8) in the first of his an- 
nual reviews of centrifugation sug- 
gested that an analytical relationship 
for centrifugal filtration could be de- 
veloped by extending the filtration 
equations to the centrifugal operation. 
Starting with the basic differential 
equation 


dV AAP g. A AP g. 
do 
Rn Rn 
(1) 


V. V. Valleroy is with Jersey Production Re- 
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and neglecting the resistance associ- 
ated with the filter septum, he _pro- 
posed essentially this expression: 

dV Aa (AP) g. 


2 
dé (2) 


Storrow and co-workers (1, 5, 6, 7) 
developed and employed an equation 
which they wrote as 


K, 2rh 1 
= [ = (anny: | 


gulnr, 
Te (3) 
but which is equivalent to 
dV Arn (AP) K, 
do pig 
(4) 


Other than characterizing the bed 
by a permeability expression K,/pig 
instead of a specific resistance, Stor- 
row’s equation differs from Equation 
(2) only in the use of the product 
Aim instead of 

When the ratio r,/r, = 2, Aa, will 
be about 4% higher than Ai,, and 
when the ratio r./r. = 1.5, Aug is only 
1.2% higher than Aj. Therefore 
Equations (2) and (4) will give es- 
sentially the same answers for all cases 
except those of thick cakes in small- 
diameter machines. 

Storrow and Haruni (6) confirmed 
the form of the equations and found 
satisfactory agreement in their tests of 
the Q, N’, and (r,*— relationships. 
They varied the viscosity from 1 to 3 
centipoises and used both 9- and 18-in. 
—diameter centrifuge baskets. Although 
these authors concluded that the cake 
layer next to the cloth offers a much 
higher resistance than the layers sub- 
sequently laid down, they did not in- 
clude a separate term for the initial 
resistance. 
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Grace (4) developed rigorously the 
basic rate equation for centrifugal fil- 
tration. But the solution for the general 
case is not possible, since the point 
specific resistance and point porosity 
are not known as a function of basket 
radius. The average specific resistance 
cannot be computed directly from 
compression-permeability data alone as 
is possible for most pressure filtrations. 

For the special case of a nearly in- 
compressible cake and in the absence 
of kinetic-energy effects, Grace’s gen- 
eral equation simplifies to 


dV (AP) g. (5) 
do [ awV 


The equation thus takes the initial re- 
sistance into account and _ associates 
A, with it. The area-squared factor 
entering the cake-resistance term is 
made up of the product of the log 
mean area and the arithmetic mean 
area. 

Grace’s equation is seen to be simi- 
lar to Storrow’s except for the inclusion 
of the initial resistance term. The only 
additional difference from Equation 
(2) is the use of the log mean area as 
one of the factors in the A® term, this 
point having been discussed previously. 

Grace obtained data on the flow 
rate of water through cakes of various 
thicknesses deposited in a laboratory 
centrifuge. In some of his runs he en- 
countered difficulties with filter cakes 
developing cracks.; in other runs he 
apparently found good agreement 
(within 109%) for diatomaceous earth 
between centrifugal- and __pressure- 
filtration average specific resistances 
and with permeability-cell data. Most 
unexpectedly Grace also found agree- 
ment within 25% for semicompressible 
cakes of cellulose and carbon filter aids 
and of titanium dioxide powder. Grace 
thought that the materials and the 
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method of testing may have allowed 
the expected discrepancies to be 
masked by the scatter of the experi- 
mental points. While recognizing the 
significant contributions made by 
Grace one should, because of the un- 
certainties mentioned, have further 
confirrmation and comparison of the re- 
sistances of porous beds composed of 
spherical particles to liquid flow. 


EXPERIMENTAL PROCEDURE 


All the studies in this work were car- 
ried out on porous beds or filter cakes 
composed of Lucite spheres. Lucite 4F 
molding powder was used, as the particles 
have a remarkably uniform _ spherical 
shape which avoids the difficulties of try- 
ing to characterize a mixture of various 
shapes. For comparison purposes it also 
has the advantage of having a value of 
unity for the sphericity. The Lucite parti- 
cles are solid and physically and chemi- 
cally inert in water, neither softening nor 
swelling in it. Lucite 4F, however, is solu- 
ble in acetone, ethylene dichloride, and 
toluene, and these solvents may be used 
for removing embedded particles from 
screens and filter cloths. Owing to a 
specific gravity of only 1.18 the difficulty 
of maintaining Lucite particles in suspen- 
sion prior to filtration is minimized. 

A single size distribution of Lucite 
spheres was used in all experiments. The 
specific surface determined from micro- 
scopic counts was 890 sq. cm./cc. Half 
of the particles were below 40 uw in 
diameter. 

The Lucite particles would not disperse 
in tap or distilled water. The contact angle 
between distilled water and a Lucite sur- 
face was measured as about 64 deg. by 
the shadowgraph technique. The addition 
of small amounts of certain wetting agents 
would, however, cause the particles to 
disperse readily. In effectiveness Dreft ap- 
peared equal to or better than any of the 
other surfactants tested, and a 0.05 wt. % 
solution of Dreft in water was used in 
making up the slurries from which the 
Lucite cakes were deposited. The 0.05% 
concentration was chosen because the sur- 
face-tension—concentration curve in_ this 
region was almost flat, the surface tension 
therefore being unaffected by small varia- 
ations in Dreft concentration. Neither the 
density nor the viscosity of water was 
measurably altered by Dreft at this concen- 
tration. 


Description of the Permeability Cell 


The point porosity and specific §resist- 
ance of a cake as a function of compres- 
sive stress can be determined most con- 
veniently in a compression-permeability 
cell. This device allows a mechanical stress 
to be placed on a porous bed independ- 
ently of the fluid head. The pressure drop 
caused by fluid flow can be made very 
small compared with the compressive 
stress which is imposed uniformly over the 
solid matrix of the cake. 

A diagram of the compression-perme- 
ability cell is shown in Figure 1. and is 
similar to the one described by Grace (4). 
The brass cylinder in which the cakes 
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Fig. 1. Diagram of permeability-cell arrange- 
ment. 


were deposited had an internal diameter 
of 1.133 in., and the sintered stainless steel 
disks between which the cake was con- 
fined were 0.185 in. thick. 

In operation mechanical pressure was 
applied to the filter cake by loading the 
piston with calibrated weights. Filtrate 
flowed from a constant-head reservoir into 
the hollow piston, through the porous 
piston end plate and filter paper, down 
through the filter cake, and thence through 
the bottom paper and drain plate into the 
drainage base. Movement of the piston 
was measured by a dial guage clamped 
to the cylinder and fitted against the 
piston flange. The flow rate at each value 
of compressive stress was found by timing 
with a stop watch the accumulation of a 
volume interval of filtrate in the collection 
burette. 

The Lucite cakes of 6.65 g. each were 
deposited from 10% by weight suspen- 
sions of Lucite spheres in a 0.05 wt. % 
Dreft solution. A vacuum of 1 in. Hg was 
applied under the bottom disk to increase 
the rate of deposition so as to minimize 
the effects of differential settling. Addi- 
tion filtrate added to the cylinder during 
the deposition of the cake kept the cake 
surface from becoming dry. It is of utmost 
importance in all studies, such as the ones 
described in this work, that the cake never 
be allowed to become dry. If it does, cer- 
tain portions of the cake become airbound 
and the specific resistance changes. 

The initial thickness and volume of the 
porous bed were found from micrometer 
measurements of the distance between 
piston and cylinder flanges. The filtrate 
prior to being placed in the reservoir was 
filtered through the same kind of filter 
paper as was used to confine the cake in 
the cell. 

The first measurements were taken with 
only the weight of the piston to provide 
the compressive stress, the value being 
3.28 Ib./sq. in. After the first set of meas- 
urements a solid brass cylinder of known 
weight was placed on top of the piston to 
provide the compressive _ stress under 
which the next point was to be deter- 
mined. Generally all the descent of the 
piston occurred within several minutes 
after the addition of the weight to the 
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piston, but 15 to 20 min. was allowed be- 
tween each set of measurements. Microm- 
eter measurements between the piston and 
cylinder flanges were made often during 
a run, and they were always in good 
agreement with heights indicated by dial- 
gauge readings and initial height. 


Description of the Vacuum Filter 


The behavior of this Lucite-water sys- 
tem during filtration was established 
through tests with a small vacuum filter. 
Trials were made with other kinds of test 
filters, both pressure and vacuum types, 
but operation was not so satisfactory or 
convenient as with the vacuum filter 
shown in Figure 2. 

The filter cell was made up of a cell 
body, a screen support ring which fit into 
the cell and upon which the stainless 
screen rested, and a sleeve which formed 
the cake space. The inside diameter of 
the sleeve was 1.065 in. and its length 
2-9/64 in. Other than the screen all parts 
were machined from brass. A short length 
of standard %4-in. galvanized pipe was 
screwed into the bottom of the cell body 
and served to transfer the filtrate to the 
Y%-in. polyethylene delivery tubing. This 
line was made as large as convenience 
would allow, thereby making line pressure 
drop negligible. 

The test filter was immersed in a Lucite- 
Dreft-water slurry, and in constant AP 
tests cakes about 1% in. in diameter were 
deposited by applying vacua ranging from 
6.4 to 24 in. Hg. The general arrangement 
of the filtration-test equipment is shown 
in the line diagram of Figure 2. 

All water used in the vacuum-filtration 
runs was deaerated and boiled under 28 
in. Hg vacuum before the slurry was made 
up. Weighed amounts of Lucite and Dreft 
were added to give a solids concentration 
of about 2% in a 0.05 wt. % Dreft solu- 
tion. 

In operation the filter cell and the fil- 
trate delivery line were filled with distilled 
water first, and then the filter cell was im- 
mersed in the slurry facing upward. Dur- 
ing filtration simultaneous readings of 
filtrate level and time were taken every 
10 sec. After the cake had reached a 
thickness of approximately 1% in. the run 
was concluded by raising the test filter out 
of the slurry, thus draining the filtrate 
line and dewatering the cake. 

After a run the cake-containing sleeve 
was removed from the filter body by 
gently turning the sleeve. The cake was 
expelled with a flat plunger from the 
sleeve onto a weighed watch glass. The 
exact concentration of the slurry was 
computed from the weight of the dry cake 
and the volume (corrected) of the filtrate. 
The surfaces of the filter cakes at the end 
of the tests were always flat, and after de- 
watering the cakes were quite compact. 
Essentially complete recovery of the cakes 
was obtained. The only loss of cake con- 
sisted of those solids that remained em- 
bedded in the filter cloth after it had 
been scraped with a spatula. 

A series of runs was made as rapidly as 
possible to minimize the amount of air 
dissolving in the slurry, and the runs were 
made in the order of decreasing pressure 
differences. 
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Different filter cloths were used in each 
run of a series, but the same set of cloths 
was used in successive series. These cloths 
were cut from preshrunk cotton drill. They 
were washed with Dreft solution and 
rinsed between runs but were not treated 
with toluene to dissolve out embedded 
Lucite spheres. Satisfactorily reproducible 
results for the value of the filter-cloth re- 
sistance were obtained without using the 
toluene wash. 


Centrifugal-Filtration Equipment 


The experimental centrifuge used in 
this portion of the work was a 12-in. di- 
ameter basket mounted on a_ horizontal 
shaft and driven by a variable-speed 
transmission coupled to an electric motor. 
Mounting a basket horizontally along its 
axis eliminated trouble with uneven cakes 
or cakes of varying thickness. This is a 
problem with vertically mounted baskets 
which has been reported by many in- 
vestigators. 

The filter cloth was made of the same 
material as was used in the filtration tests, 
and it was tailored to fit the basket. The 
portions of the cloth which covered the 
bottom and top lip of the basket were 
waterproofed with a rubber cement. Tests 
made with the cloth both in and out of 
the centrifuge showed that water could 
flow only through the sides of the cloth. 
Since the area for filtration must be ac- 
curately known, no filtration is permitted 
except through the fabric at the outer edge 
of the basket. A 4 by 8-mesh calendered 
stainless steel backing screen which fitted 
closely inside the basket provided support 
for the cloth. 

Figure 3 is a sketch of the general ar- 
rangement of the equipment. The slurry 
was mixed in the 10-gal. galvanized tank 
at the upper right. A variable-speed mixer 
in combination with the corrugated sides 
of the container (acting as bafles) kept 
the slurry well agitated. At the centrifuge 
the Lucite slurry was directed downward 
at an angle toward the wall of the centri- 
fuge through a feed nozzle made from a 
Bunsen burner wingtip. The wingtip, 
which was first used by Grace (4) for 
this purpose, was effective in spreading 
the slurry feed into a thin, flat stream 
across the filtering surface. The water was 
passed through a cartridge filter ahead of 
the rotameter, and a similar wing-tip noz- 
zle was used for feeding the water to the 
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Fig. 2. Line diagram of vacuum-filter arrangement. 
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cake during the drainage-rate runs. Drain- 
age of the filtrate was by gravity from the 
outlet at the botton of the shell surround- 
ing the basket. The shell was made from a 
short length of 20-in. diameter steel pipe. 
Cake thicknesses and liquid levels in the 
basket were measured by means of a 
probe which was movable from the basket 
wall toward the center along a radius. 
With this device cake thickness and liquid 
levels were measured to, and reproducible 
within 1/64 in. Rotational speeds were 
measured by a hand tachometer at the 
end of the shaft which passed through 
the middle of the basket. These readings 
were checked occasionally with a Strobo- 
tac and were always in good agreement. 

The centrifugal tests which were con- 
ducted may be classified into several cate- 
gories, of which the centrifugal-drainage 
studies are the first. In these the centrifuge 
speed and the fluid level in the basket 
were held constant. Under these condi- 
tions 1-lb. increments of cake solids were 
deposited up to a total cake weight of 5 
Ib., and the flow of filtrate through each 
weight cake was measured. The runs 
therefore, are analogous to constant-pres- 
sure filtration tests except that rate meas- 
urements were made at given increments 
instead of cumulative measurements being 
taken continuously. The second kind of 
centrifugal tests attempted consisted of 
regular centrifugal filtrations conducted 
under true constant-head conditions, for 
which cumulative filtrate volume was 
found as a function of time. The third set 
of centrifuge experiments, not treated in 
this paper, was made primarily for meas- 
urement of residual moisture in spun or 
wrungout centrifugal-filter cakes. 

In all centrifugal experiments the filter 
cloth was fitted into the basket and spun 
in place at the highest speed of the cen- 
trifuge, 1,800 rev./min. approximately, 
while water was being fed into the 
basket. The location of the cloth surface 
was checked with the probe before the 
start of each run. In the drainage-rate 
tests the tip of the probe was then set 
where it was desired to maintain the liquid 
level. 

For the drainage-rate runs the flow of 
feed slurry into the basket for deposition 
of filter cake was always started with 
water flowing through the basket, which 
had been brought up to desired speed. 
Filtration rates were very high with thin 
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cakes, and the controlled addition of 
water ensured that the cake surface was 
always submerged and so could not be- 
come dry. The flow rate of extra water 
was reduced as the cake became thicker, 
and in the case of the constant-head 
drainage-rate studies both water and slurry 
rates were controlled to maintain the liquid 
level constant at the point of the probe. 
As the slurry tank emptied, it was washed 
down to make certain that all the weighed 
quantity of Lucite was fed to the centri- 
fuge. When all the solids had been de- 
posited, the water flow rate which would 
just keep the water level at the point of 
the probe was measured. In the drainage- 
rate runs the next increment of cake 
weight would be deposited from slurry 
and the procedure repeated at the same 
speed and liquid level. 

At the conclusion of a run the water 
was shut off and the cake spun dry. When 
no more liquid was being wrung out at 
that speed, the centrifuge was stopped. 
The scale was read with the probe at the 
cake surface, and from this reading the 
thickness of the cake was computed. The 
thickness at various points also was meas- 
ured directly with a depth gauge. Agree- 
ment within 1/64-in. usually was achieved. 
One or more samples of the cake were 
then removed for moisture analysis. 

In the second type of centrifugal test, a 
regular centrifugal-flltration operation un- 
der constant-head conditions, no additional 
water was fed to the centrifuge during 
filtration. With the centrifuge rotating at a 
constant speed, cake deposition took place 
as rapidly as possible until the desired 
constant slurry level could be maintained. 
Filtration was then completed at a fixed 
speed, and liquid level and corresponding 
values of cumulative time and cumulative 
filtrate volume were obtained during the 
filtration. 


EXPERIMENTAL RESULTS 


Permeability-Cell Measurements 
Compressive stresses applied to the 
Lucite beds in the compression-perme- 
ability cell ranged from about 3 to 56 
Ib./sq. in. The corresponding values of 
porosity and point specific resistance 
are found in Table 1 for two runs in 
which the Lucite beds were the same 
weight but furnished slightly different 
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Fig. 3. Line diagram of arrangement of centrifugal filter. 
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levels of porosity. A solution of 0.05 
wt. % Dreft in distilled water consti- 
tuted the filtrate in each of these tests. 
Another test was conducted however 
in which tap water was passed through 
the permeability cell containing a 
Lucite bed. These data are also shown 
in Table 1. This additional experiment 
was made because in the centrifugal- 
drainage—rate studies tap water was 
passed through the cakes. 

Table 1 shows that the porosity and 
specific resistance change relatively 
little over the seventeen-fold range in 
compressive stress, thus indicating the 
incompressible nature of the cakes. In 
general the specific resistance falls in 
the range of 7 to 9 (10°) ft./lb. These 
values are significantly lower than those 
usually encountered in filtration work. 
The specific resistance of most materials 
of importance in filtration is in the range 
of 10° to 10” ft./lb. The specific re- 
sistances of several commercial filter 
aids as reported by Grace (4) are be- 
tween 10” and 10” ft./Ib., an order of 
magnitude greater than for the Lucite 
beds. 

The initial or cell resistance for the 
permeability tests was determined from 
blank cell runs, and from the results 
the cell-volume correction factors of 
Figure 4 also were derived. Each of 
the blank cell runs was made with the 
same two disks of filter paper inserted 
between the sintered stainless plates. 
CC-12 was made with 0.05 % Dreft 
solution and the previously unused 
filter papers. The filter papers were 
then used in the cake-permeability test 
CC-13, after which they were sub- 
jected to another blank-cell test CC-14 
to learn how their filtration character- 
istics might have been changed. The 
papers were washed only with distilled 
water after the cake-permeability run. 
As the curve of Figure 5 shows, the 
cell resistance was found to be almost 
identical for these two tests. The same 
two filter papers then were used in 
run CC-16 with tap water to establish 
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Fig. 5. Variation of cell resistance as a function of the com- 


the cell-resistance values for run CC-17 
to follow. As noted from F igure 5 the 
resistance to flow of tap water is 10 to 
15 % greater than for Dreft solution, 
but the absolute change is not great. 

It is of interest that the initial, or 
cell, resistance accounts for 5 to 7% of 
the total resistance measured in the 
cake permeability runs, and numeri- 
cally it is equivalent to 12 to 16% of 
the specific cake resistance although the 
units are different. It had been learned 
in previous work that the resistance of 
filter papers from the same box showed 
a considerable variation in resistance, 
sometimes as much as twofold even 
when micrometer-measured thicknesses 
were almost identical. It was for this 
reason that where possible blank-cell 
data were obtained with the same 
papers used as employed in the cake 
tests. 

The cell-resistance values are some- 
what greater, but by coincidence are 


TABLE 1. SpEcrFIC RESISTANCE OF LUCITE 
SPHERES AS MEASURED IN A COMPRESSION- 
PERMEABILITY CELL 


Specific- 
Com- cake 
pressive resistance, 
stress, ps, Porosity, a, (ft./ 
Run Ib./sq. in. € Ib. ) (10°-°) 
CC-17 3.28 0.387 6.88 
15.78 0.384 7.02 
42.16 0.380 7.34 
CC-17 55.80 0.379 7.48 
CC-13 3.28 0.397 8.0 
CC-13 15.78 0.386 8.04 
CC-13 42.16 0.379 ta. 
€¢-13s 55.80 0.377 7.86 
CcC-2 3.28 0.371 7.60 
CC-2 15.78 0.370 7.86 
CC-2 27.62 0.368 8.11 
CC-2 46.07 0.364 8.65 
CC-2 52.32 0.364 8.92 
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pressive stress. 


roughly in line with the filtration rule- 
of-thumb approximation that R,, ordi- 
narily is numerically equal to about 
one tenth of the specific resistance. 
However this approximation usually is 
applied to a filter cloth suited to the 
operation. But here the filter medium 
was a double acid-washed paper hav- 
ing very fast filtering characteristics, 
and that the approximation still holds 
is another indication of the unusually 
low resistance exhibited by the Lucite 
beds. 

For cake-permeability run CC-2 cell- 
resistance values for the particular 
filter papers used were not available, 
and the data were calculated by means 
of R,, values from Figure 5. 


Comparison of Results with the 
Kozeny-Carman Equation 
One of the most useful relationships 
so far derived for the flow of fluids 
through granular beds is the Kozeny- 
Carman equation: 
dV AP. a, 
Adé pL 


when one considers only the cake, and 
notes that 
wV 
pe(l—eA 


(7) 


the Kozeny-Carman equation and the 
filtration expression of Equation (1) 
can be combined to show that 


k(1—e) 


3 
Ps€ 


(8) 


Equation (8) predicts a to be linear 
in [(1-— )/(¢*) ] for a constant k and 
constant S,. Any examination of per- 
meability-cell data then should include 
a test of the relation between a and 
[(1—e)/(é)]. Figure 6 is a plot of 
corresponding values for the experi- 
mental points. A line expressing a rela- 
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tionship between the variables plotted 
must pass through the origin to be con- 
sistent with the fact that a is zero when 
« = |. Therefore both the slope and the 
position are governed by the parameter 
[(kS.°)/(p,)]. The data, which are 
admittedly meagre, align themselves 
fairly well except for the three points 
of run CC-13. Additional values are 
obviously needed before significant 
statements can be made. Further 
studies are underway; meanwhile the 
following are some tentative sugges- 
tions. 

From the line drawn through the ex- 
perimental data the value of (kS,”)/ 
(p,) is 6.7 (10°) ft./lb. The true solid 
density of Lucite was found to be 73.5 
Ib./cu. ft. When one takes this value 
and assumes k = 5, the specific surface 
turns out to be 31,000 sq. ft./cu. ft., or 
in metric units 1,019 sq. cm./cc. This 
value is 14.5% greater than the speci- 
fic surface computed from the diame- 
ters microscopically measured. Another 
and perhaps more informative way of 
illustrating this discrepancy is to calcu- 
late the alphas predicted by Equation 
(8) when k=5 and S, = 890 sq. 
cm./ce. are used. This is shown by the 
lower line on Figure 6 which gives 
values for a which are 25 to 30% 
lower than the experimental alphas. 
The difference is too great to be ac- 
counted for by experimental error. The 
wall-effect correction suggested by 
Coulson (3) is minor in this case and 
reduces the difference by only 2%. 

Now Carman suggested that k=5 + 
10%, and a larger value of k would 
reduce the difference. For spheres, 
though, recent published research (3, 
9) confirms that k is close to 5 or per- 
haps slightly under. The specific sur- 
face from microscopic measurements 
also is believed to be correct. When 
this discrepancy was noted, additional 
microscopic counts were made with 
different sampling and counting tech- 
niques; the specific surface computed 
therefrom agreed well with the 890 
sq. cm./cc. value. 

‘The vacuum- and centrifugal-filtra- 
tion results which follow give strong 
support to the experimental permea- 
bility data. The alphas from these other 
methods are in very close agreement 
with the permeability-cell alphas. 

Carman (2) has written that the 
Kozeny-type of equation should be ap- 
plied only to beds with reasonably uni- 
form pore sizes. Yet in this investiga- 
tion there was over a thirtyfold range 
in size of the particles, from 3.5 to 115 
zw. The pore sizes no doubt varied 
widely, and perhaps it is this nonuni- 
formity of poré structure that accounts 
for the disagreement between the 
measured surface and that calculated 
from the equation 
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= 6.7 x 


One can speculate also on the possi- 
bility that surface effects have influ- 
enced the experimental results. The 
addition of Dreft caused the Lucite 
spheres to be wetted and dispersed, 
but it did so by changing both the 
liquid-solid contact angle as well as the 
surface tension. Grace’s work (4) has 
demonstrated the strong effect of elec- 
trolyte concentration on resistance and 
compressibility of filter cakes. Adsorp- 
tion phenomena at the solid surface are 
no doubt involved, and research in this 
area might yield significant advances. 


Vacuum -Filtration Results 


The permeability-cell results  dis- 
cussed in the previous section consti- 
tute data on the point specific resist- 
ance of a porous bed under various 
compressive stresses. With the vacuum 
filter however it is the average specific 
resistance of a filter cake at a given AP 
that is measured in a constant-pressure 
filtration. Generally speaking therefore 
the point data must be integrated 
across the filter cake in order to arrive 
at the average resistance of the cake. 
But for an incompressible bed there is 
little or no variation in the point data, 
and the point and average specific re- 
sistances are the same. Since the cakes 
formed by the Lucite spheres are es- 
sentially incompressible, the specific 
resistances measured in the permea- 
bility cell and vacuum filter may be 
compared directly. 

Filtration tests were made in the 
vacuum-filter cell in the manner de- 
scribed in the earlier section. Two 
types of runs were made: runs in 
which the slurry liquid was deaerated 
prior to filtration and runs in which the 
liquid was not degasified. While data 
from only the former runs are pertinent 
to the objective of this study, the 
effects of dissolved gases in the slurry 
of a vacuum filter are worthy of pre- 
sentation. 

The results of vacuum-filtration run 
F-7, presented in Figure 7, represent 
typical vacuum-filtration results for the 
deaerated slurries. The behavior of the 
system is in accord with filtration 
theory as shown by the straight-line 
plots of Figure 7. When 6/V is plotted 
against V for a constant AP filtration, a 
straight line should result whether the 
cake is compressible or incompressible. 

For filtration runs F-3, F-4, F-5, and 
F-6 the water used in making up these 
slurries was not degasified prior to use. 
It was observed that the higher the 
vacuum applied, the greater the de- 
parture from linearity. Also the longer 
the filtration continues (the greater the 
volume of filtrate), the more _pro- 
nounced the deviation becomes. 
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Since the plots of the deaerated 
slurries exhibit excellent linearity, these 
effects are believed due solely to the 
formation of gas or vapor within the 
cake. While runs F-3 through F-6 were 
in progress, large numbers of gas bub- 
bles flowed in the filtrate delivery line, 
and the proportion of gas bubbles was 
greater at the higher vacua. 

As the liquid enters and _ passes 
through the cake, it encounters regions 
of pressure progressively lower than 
atmospheric. Since the liquid was gas 
saturated or nearly so at atmospheric 
pressure, air or gas comes out of solu- 
tion in these regions of lower pressure 
forming bubbles within the voids of 
the cake. Two-phase flow arises with 
both gas and liquid competing for the 
available flow channels. Effectively 
then the flow cross section for liquid is 
reduced. The effect is worse at higher 
vacua because more gas comes out of 
solution and also because at the lower 
absolute pressure the gas itself occu- 
pies a greater volume. In addition as 
the time of filtration lengthens, more 
and more of the flow channels would 
be expected to become vapor bound. 

As pointed out earlier, the behavior 
of the deaerated slurries was in excel- 
lent agreement with theory, and the 
filtration constants were calculated from 
these runs. The concentration of the 
slurry was computed from the weight 
of the filter cake and the volume of 
filtrate collected. Well-used cotton-drill 
filter cloths were employed in these 
runs. The initial resistance and the 
average specific resistance computed 
from the intercept and slope appear in 
Table 2. The variation of values of a 
is less than 4.5%, and the maximum 
deviation from the mean value of 6.63 
(10°) ft./Ib. is less than 2.3%. The 
initial resistance is numerically equal 
to about 36% of the value of a. All 
the filter cloths had been used in 
earlier filtrations of Lucite slurries, and 
very little change in initial resistance 
was exhibited. 

Cake thickness was measured only 
for runs F-4, F-5, and F-6. Conse- 
quently information on cake porosity is 
available only on these three runs. The 
measurements and values of porosity 
calculated therefrom are given in Table 
8. 

The essential constancy of both the 
specific resistance and the porosity 
again confirm the incompressible na- 
ture of the cakes which was observed 
in the permeability tests. 


Centrifugal-Filtration Results 

From the preliminary experiments 
with the test centrifuge measurements 
were obtained to establish the relation- 
ship between the cake weight and 
thickness. A plot was made of dry-cake 
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rated 910 TABLE 2. FILTRATION CONSTANTS 
these 37 CALCULATED FROM 
> VACUUM-FILTRATION TESTS 
were a eco ° x) AP, a, Bu, 
Run in. Hg ft./Ib. 1/ft. 
line, a 
was F-7 24.2  6.48(10*) —-2.30( 10°) 
rips 20.2 6.52( 10°) 2.59( 10°) 
13.04 6.76( 10°) 2.38 ( 
a 
asses F-10 6.37 6.76(10°) 2.23( 10°) 

an 
$ gas : x RUN CC 2 (DREFT SOLUTION) 

3 RUN CC 13 2 2 
heric 3 8 CC weight against (r.’—r.*), the differ- 
seis: S10 - ence of the squares of the outer and 
ania | and inner radii respectively. The solids 
ye POROSITY FUNCTION, (ES), DIMENSIONLESS (9) 
r the 
tively Fig. 6. Specific resistance as related to the porosity function of the Kozeny-Carman Therefore from the slope of the line on 
hid is equation. the plot the porosity can be computed. 
igher The plot shows the line to be straight, 
ut of : y thus implying a constant value for e. 
lower | 5 ot In view of the earlier results this 
oat: fs should be expected. The centrifuge 
m as on cake porosity derived from the plot is 
more 0.376. 
ain When one allows for the initial re- 
er sistance, the centrifugal-filtration rate 
nein - 2.5 - equation, Equation (5), is written as 
>xcel- = 
the | dv AP 

from = dé 4 Rn | 
-dri W R 
e 2in a m 
these p= | | 
| the 1.0 PLA. A, 
10 
age gr at If this now be inverted to 
‘ar in 
of a 0.5 = d 
dV Aba “AP 
6.63 g g 
The 6 200 400 am) 
equal 600 800 1000 1200 1400 1600 ‘1800 
All CUMULATIVE FILTRATE VOLUME, V, ML. 
d in Fig. 7. Vacuum-filter data with degassed liquid used. Taste 3. Cake Porostries MEASURED IN 
, and VACUUM-FILTRATION STUDY 
— Yaa Area of filtration (all runs) = 0.890 sq. in. 
0.6 Weight of 
& AP,  dry-cake Thick-  Poros- 
onse- Run in. Hg_ solids, g. ness,in. ity 
ity is v 
2 9 
The = a F-4 1325 1667 159 0.391 
rosity F-5 20.08 14.92 1.49 0.401 
Table F6 2408 1671 159 0.390 
Aa , 
rosity 
> na- a 4, 
oe TABLE 4. Fr N CONSTAN 
erve . FILTRATION CONSTANTS 
a CFD 1- 1.65 Ibysq.in. CALCULATED FROM CONSTANT-PRESSURE 
CFD 2-2.3! Ib,sq. in. CENTRIFUGAL-DRAINAGE RATE STUDIES 
0.1 CFD 3-3.12 Ib/sq.in. 
nents GY AP, a, Rn, 
|b./sq. in. ft./Ib. 1/ft. 
ation- 2 3 5 
CFD-1 1.65 7.58(10°) —4.39( 10°) 
CFD-2 2.31 7.52(10°) 4.88( 10°) 
Fig. 8. Centrifugal-drainage rates under constant-pressure conditions. CFD-3 3.12 8.04( 10°) 4.49( 10°) 
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the equation shows that the reciprocal 
rate d@/dV should plot as a straight 
line against W/A,,” for a constant-head 
centrifugal filtration and that a could 
be determined from the slope and R, 
from the intercept. 

Drainage-rate runs CFD-1, CFD-2, 
and CFD-3 each were made at a con- 
stant speed and constant liquid level. 
Flow rates were measured for various 
cake weights. These data therefore 
represent constant-head runs, and Fig- 
ure 8 is a plot of the results. The 
arithmetic mean area was used as A,,” 
for the reasons advanced in the discus- 
sion of proposed centrifugal rate equa- 
tions. 

The relationship predicted by Equa- 
tion (11) is confirmed and the values 
of a and R,, determined from the slope 
and intercept appear in Table 4. 

The proportionality between the 
flow rate and the hydraulic pressure 
drop was checked by the plot of ex- 
perimental data in Figure 9 and found 
to be validated. 

The relationship between g and N, 
as well as and (r,”— 1,7) were tested 
by measuring corresponding values of 
drainage rate and liquid level, deter- 
mined at various speeds for a 5-lb. 
Lucite filter cake. In Figure 11 (r,? — 
r,) is plotted vs. dV/d@ on log-log co- 
ordinates, and Figure 10 is a log-log 
plot of N against dV/dé. The data 
points fit the theoretical relationship 
very well. 

Although the system used in this 
study is so free filtering that R,, con- 
stitutes a sizable portion of the total 
resistance, there are many filter cakes 
for which R,, could be neglected. In 
these cases d6é/dV can be plotted 
against hnW/APg.A,,” to yield a straight 
line having a slope of a. Or, if R,/AP 
were a constant, Equation (11) shows 
the data analysis still might be made 
by such a plot. These methods could 
not be expected to work however for 
compressible cakes or under any other 
conditions for which Equations (10) 
and (11) are invalid. 

In the description of the centrifugal 
equipment and procedure reference 
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Fig. 9. Relationship between hydraulic pressure 
and fiow rates in the centrifuge. 


was made to a regular constant-pres- 
sure centrifugal filtration. at- 
tempts to obtain valid data in such 
runs were made during this investiga- 
tion. The major obstacle to success in 
both trials was the impossibility of 
maintaining constant-head conditions 
over the entire portion of the run. At a 
specified rotational speed the restric- 
tion of constant hydraulic head re- 
quires a fixed liquid level. But because 
the cake must never become dry, the 
minimum height of liquid carried in 
the basket will be dictated by the level 
necessary to just cover the maximum 
thickness of cake. 

In the first trial, designated as CF-1, 
a slurry of Lucite particles in Dreft 
solution was fed to the centrifuge. The 
rate of filtration was so great that the 
required liquid level could not be held 
until the run was almost over. Conse- 
quently, the valid data points were so 
few that no reliance could be placed 
on the constants derived from them. 

In run CF-2 an attempt was made 
to overcome the fast filtration difficul- 
ties and_ still obtain valid measure- 
ments. This was done by making the 
filtrate a 65 wt. %_ glycerin-water 
solution which at the filtration tem- 
perature of 86°F. had a viscosity of 
9.02 centipoises. The addition of 
0.05% Dreft ensured the dispersion of 


the Lucite beads without affecting 
either the density or viscosity of the 
glycerin solution. The density of the 
solution was 1.15 g./ml., which being 
so close to the solid density of 1.18 
minimized the settling tendency of the 
solid particles. 

While these expediencies reduced 
the experimental difficulties, they did 
not eliminate them. The liquid height 
in the basket. reached the prescribed 
level only after 130 sec.; therefore ap- 
proximately the first 30% of the run 
could not be considered for the de- 
termination of the constants of the 
system. 

Equation (11) can be formulated in 
terms of the mass rather than the vol- 
ume of filtrate collected: 


dé paxM 
dM AP g. pi An® 
Rn 
+ (12) 
AP ge PL A. 


where dM = p,dV. 


The results of run CF-2 are plotted 
in Figure 12 with increments in re- 
ciprocal rate, 4@/AM as the ordinate, 
and M/A,,” as the abscissa. Graphical 
treatment of this kind in which raw- 
data increments are plotted constitutes 
a very severe test of the data because 
it emphasizes irregularities in the in- 
dividual measurements. As_ readings 
were taken in this run only 10 sec. 
apart, a small difference in timing 
represents relatively a much larger 
fraction of the time interval. Moreover 
an error in any interval is reflected in 
the following increment as well; for 
example if the filtrate reading for a 
given interval is taken slightly early 
and the succeeding reading is taken 
correctly, the first AM will be smaller 
and the second AM larger than their 
true values. 

The scatter exhibited by the plot is 
more or less typical of experimental 
filtration data treated in this manner. 
The straight line through the latter 
portion of the data was drawn by eye 
and without prejudice to any one point 
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Fig. 10. Relationship between drainage rate and rotational Fig. 11. Relationship between drainage rate and liquid-head 
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TABLE 5. SUMMARY OF EXPERIMENTAL 
RESULTS FOR COMPARATIVE PURPOSES 


AP, a, 
Run |b./sq.in.  ft./Ib. 1/ft. 
Vacuum filtration 
F-7 11.9 6.48(108)  2.30( 10%) 
F-8 9.9 6.52(10%)  2.59(10°) 
F-9 6.4 6.76(10°)  2.38(10°) 
F-10 3.1  6.76(10°) 2.23(10°) 
Average of runs 6.63(10°) 2.38( 108) 
Centrifugal drainage rate 
CFD-1 165 7.58(108)  4.39( 10%) 
CFD-2 2.31  7.52(10°) 4.88(10°) 
CFD-3 3.12 8.04(10°)  4.49( 10°) 
Average of runs 7.71(10°) 4.58( 10°) 


Centrifugal filtration 


CF-2 
Permeability cell 
General plot at 
e = 0.376 7.64( 10°) 
= 0.394 6.43( 10°) 


Range of experi- 
mentally meas- 
ured values 


6.8( 10°) to 9.2( 10°) 


or group of points. From the slope of 
the line the value of a was determined 
by means of the experimentally meas- 
ured properties of the system. This 
value of a was 9.2 (10°) ft./Ib.; it is 
about 19% greater than the average 
value of 7.71 (10°) found in the drain- 
age-rate runs. The agreement would be 
considered good in any case, but espe- 
cially so in view of the conditions sur- 
rounding the runs under comparison. 


COMPARISON OF PERMEABILITY-CELL, 
VACUUM-FILTRATION, AND 
CENTRIFUGAL-FILTRATION RESULTS 


For comparative purposes the ex- 
perimental results have been collected 
into a summary table, Table 5. 

All values of a measured and re- 
ported in Table 5 are between 6.5 and 
9.2 (10°) ft./lb., which is a narrow 
range considering the methods and 
conditions employed. To examine the 
figures at approximately the same AP 
the data taken at about 3 Ib./sq. in. 
were extracted and grouped together 
in Table 6. The correspondence in val- 
ues is excellent, the total variation be- 
ing less than 20%. 

The Kozeny-Carman equation in- 
dicates the very great influence of 
porosity on specific resistance. A com- 
parison of the vacuum-filtration and 
centrifugal-filtration alphas with the 
corresponding permeability-cell alphas 
then is of interest. Unfortunately por- 
osity information of the vacuum-filtra- 
tion tests F-7 through F-10 is lacking, 
but data are available on the cakes 
formed in runs F-4, F-5, and F-6, the 
es being 0.391, 0.401, and 0.390 re- 
spectively. These values do not differ 
much from one another, and it seems 
reasonable that the other vacuum- 
filtration cakes would not have a 
widely different porosity. Then if one 
assumes that the average porosity of 
0.394 is representative of the vacuum- 
filtration cakes, the specific resistance 
of the filtration cakes can be compared 
to the permeability-cell value at this 
same porosity. Going through the « vs. 
[(1—e)/(€)] plot one finds that the 
permeability-cell alpha at « — 0.394 is 
6.43 (10°), which is very close to the 
6.63 (10°) average for the filtration 
cakes. 


20 


INCREMENTAL RECIPROCAL RATE, AO/ AM, SEC./LB. 


6 
THIS REGION OF TEST NOT |. -coNSTANT PRESSURE" PORTION OF 
0 4 8 12 16 20 24 28 32 


2 4 
M/Am, LB./FT. 


Fig. 12. Centrifugal-filtration data for calculating specific resistance. 
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TABLE 6. COMPARISON OF SPECIFIC 
RESISTANCES AT THE SAME PRESSURE 
Drop AcROss THE CAKE 


AP, lb./ a, 

Method Run in. ft./Ib. 

Vacuum fil- F-10 3.1 6.76( 10°) 
tration 

Centrifugal CFD-3 3.12 8.04( 10°) 
drainage 

Permeabil- CC-13 3.28 *8.0( 10%) 
ity cell CC-17 3.28 **6.88( 10°) 


* Dreft solution. 
Tap water. 


The porosity of the cakes deposited 
in the centrifugal drainage rate studies 
was 0.376. At this porosity the specific 
resistance indicated by the permeabil- 
ity cell is 7.64 (10°), whereas the aver- 
age of the centrifugal drainage-rate 
tests was 7.71 (10°). 

There is thus remarkable agreement 
between the permeability-cell values 
and the other tests when compared at 
the same porosities. This suggests 
strongly that the specific resistance of 
an incompressible filter cake (whether 
vacuum or centrifugal) can be pre- 
dicted with greater accuracy from a 
laboratory permeability test at the 
same porosity rather than at the same 
compressive stress. This probably is 
not so surprising since the porosity is 
the basic parameter. 

The Kozeny-Carman equation shows 
that the specific resistance is com- 
pletely determined by the porosity if 
k and S, are constant. While the frac- 
tion voids of an unconsolidated bed are ~ 
determined mainly by the compressive 
stress, it is an experimental fact that 
uniform solid particles in random pack- 
ing can form different porosities under 
the same compressive loading. How- 
ever the range of porosity values gen- 
erally is not large. Vibration or tapping 
of a porous cake can cause rearrange- 
ment of particles into a tighter mode 
of packing, and in some circumstances 
the possibility of bridging exists. Of 
even greater importance to mixtures of 
different sizes is the matter of segrega- 
tion, either in the slurry prior to depo- 
sition or while a layer is being de- 
posited. 

Even though the results of this work 
are encouraging, much remains to be 
done in the combined areas of filtration 
and centrifugation. Studies are needed 
to explain the discrepancy between 
the specific resistance determined by 
three types of measurement and that 
predicted by the Kozeny-Carman equa- 
tion. The behavior of compressible 
materials needs more complete investi- 
gation. The performance of large-scale 
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centrifugal-filtering equipment needs to 
be compared with that of small-scale 
operations. 


CONCLUSIONS 


Three types of equipment, a perme- 
ability cell, a vacuum filter, and a 
centrifuge. were successfully used to 
measure the specific resistance of a bed 
of spherical particles. The specific re- 
sistances agreed among themselves 
within 20% at the same pressure drop 
and within 3% at the same cake poros- 
ity. 
These results constitute the first 
known experimental data to be re- 
ported on the resistances offered by 
beds of incompressible spheres in all 
three methods of operation. It is only 
the third known study of its kind to be 
done on any sort of porous bed. 

The Kozeny-Carman equation pre- 
dicts specific resistances which are 
25% lower than those measured in 
this work. The matter calls for further 
investigation. 
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NOTATION 

A = area, sq. ft. or sq. cm. 

Aws = arithmetic mean area, sq. ft. 
or sq. cm. 

Aim = logarithmic mean area, sq. 
ft. or sq. cm. 

A, = area of the filter cloth, sq. ft. 


or sq. cm. 


concentration of solids in the 

slurry expressed as volume 

of cake forming solids per 

unit volume of filtrate, di- 

mensionless 

diameter of particle, ft. or 

cm. 

local acceleration of gravity, 

ft./ (sec. ) (sec. ) 

= dimensional constant 

= height of centrifugal basket 
in centrifugal filtration equa- 
tion, ft. or cm. 

= Kozeny-Carman constant 

= permeability in Storrow 

equation, K, = (pig) 

= length of porous bed in di- 

rection of flow, ft. or cm. 

mass of filtrate, Ib. or g. 

= rotational speed, rev./sec. 

= pressure driving force or 

pressure drop, lb./sq. in. or 

Ib./sq. ft. 

volumetric flow rate, cu. ft./ 

sec. or cc./sec. 

steady state volumetric flow 

rate in the Storrow equation, 

cu. ft./sec. or cc./sec. 

radius to inside or exposed 

surface of centrifuge cake, ft. 

= radius to liquid level, ft. 

= radius to outside surface of 

centrifuge cake, ft. 

initial or medium resistance, 

1/ (ft.) 

solids surface area per unit 

volume of bed, sq. cm./cc. 

volume of filtrate, cu. ft. or 

ce. 

concentration of solids in 

slurry expressed as mass of 


= 


solids per unit volume of 
filtrate, lb./cu. ft. or g./ce. 


WwW = mass of solids in bed or cake, 
Ib. or g. 
x = mass fraction of cake solids 


deposited per unit mass of 
filtrate 


Greek Letters 


a = average specific resistance on 
a mass basis, ft./Ib. 

a, = average specific resistance on 
a volume basis, ft./cu. ft., «, 
= (1-e) (p.) 

€ = cake porosity or fraction 
voids, dimensionless 

0 = time, sec. 

Pr = density of liquid, lb./cu. ft. 
or g./cc. 

Ps = true density of solid parti- 
cles, lb./cu. ft or g./ce. 

= fluid viscosity, _|Ib./(ft.) 
(sec. ) 
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Pressure Drop and Liquid Holdup in 


Concurrent Gas Absorption 


W. S. DODDS, L. F. STUTZMAN, B. J. SOLLAMI, and R. J. McCARTER 


This work presents initial information useful to concurrent gas-absorption design. Data are 
reported on the variation of pressure drop and liquid holdup obtained with various flow rates, 


packings, and liquids. 


The advantages of concurrent opera- 


Additional tables of data and literature refer- 
ences for contiguous countercurrent flow data, 
coded to type of packing, are filed with the 
American Documentary Institute, Photoduplication 
Service, Library of Congress, Washington 
D. C., as document 6138. They may be obtained 
for $1.25 for photoprints or 35-mm. microfilm. 


Page 390 


tion for gas absorption were discussed 
earlier (1). Where applicable, this 
mode of operation may use uncom- 
monly high flow rates, for which cor- 
relation and design information are 
unavailable. To supply such informa- 
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tion on pressure drop and liquid hold- 
up, the following work was performed. 


PRESSURE DROP 


With concurrent gas absorption the 
main determinant of operating condi- 
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The same equipment was used as in 
a previous mass transfer study (1). 

The variables under test included 
gas rate at six levels, liquid rate at 
seven levels, two types of liquid, and 
five types of packing. The data con- 
formed to a statistical design, so that 
statistical interpretation might be facil- 
itated. Operating procedure provided 
sufficient time before readings to ensure 
stable conditions: packing was settled 
and wetted, and the transients from 
resetting rates were dissipated. Checks 
were made to assure that the approach 
to any set of rates was immaterial, that 
is that no combination of a prior de- 
crease or increase in liquid or gas rate 
would alter the pressure-drop result. 

The experimental results are tabu- 
lated in Tables 1, and 2. The relation- 
ship between variables at any point 
of interest may be simply obtained by 
a log-log plot. An example is presented 
in Figure 1 which graphs one system 
(water-l-in. Berl saddles) with related 
correlations noted on the plot. For 
brevity the graphs for all results are 
condensed into the alignment charts of 
Figures 2 and 3, which offer quick but 
rough reference. In general for the car- 
bonate-solution system the slopes ‘of 
the correlating lines, hence the expo- 
nents to be attached to gas rate, were 
relatively constant. Conversely, the 
water systems yielded decreasing slopes 
with increasing liquid flow rates, hence 
a gas rate exponent influenced by liq- 
uid rate.* This complication and dif- 
ference between the only two liquid 
systems tested precludes advancing a 
general correlation. Otherwise the data 
appeared amenable correlation, 
albeit with interactions between vari- 
ables. 


A comparison with countercurrent 
flow relations may be adduced. The two 
flow systems are contiguous and similar 
at lower flow rates. In each case log 
plots of pressure drop vs. gas rate would 
yield similar parallel lines per liquid- 
rate parameter and hence the same ex- 
ponent to be attached to gas rate. With 
countercurrent operation this exponent 
is sharply increased at the loading 
point and again at the flooding point. 
Conversely, with concurrent operation 
the exponent is not increased by higher 
flow velocities and may be decreased, 
as indicated in Figure 1. It would ap- 
pear that at some higher range of gas 
velocity the lines of correlation would 
curve to converge with the extended 
line for zero liquid rate, as liquid hold- 
up is progressively depressed under 
increasing gas pressure. 


® The behavior of this system at higher gas 
rates would be of interest (Figure 1). Beyond 
the point where the lines of correlation converge 
would liquid rate be of no effect or would pres- 
sure drop be decreased by greater liquid flow, 
from additional liquid head? 
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Liquid 
rate, 
Ib./hr./ 
sq. ft. 


0 


4250 


8500 


12750 


17000 


21250 


25500 


29750 


TABLE 1. PrEssuRE Drop IN CONCURRENT FLOW IN A PACKED TOWER 


Air-water system in 18-in.-diameter tower at tower pressure 
745 to 760 mm. Hg., tower temp. 85° to 90°F. 


Pressure drop in various packings 
in. water/ft. of packing height 


Gas rate, 1-in. 
Ib./hr./— 1-in. Berl Berl rings Intalox 
sq. ft. 5 ft. 4 ft. 7 in. 4 ft. 3 in. 4 ft. 
661 0.159 0.090 0.119 0.184 
953 0.323 0.182 0.234 0.364 
‘1178 0.471 0.269 0.350 0.546 
1362 0.629 0.354 0.478 0.728 
1745 _ 0.549 0.747 1.150 
1810 1.075 be 
661 0.265 0.126 0.148 0.263 
953 0.470 0.245 0.288 0.517 
1178 0.672 0.350 0.434 0.775 
1362 0.894 0.469 0.564 1.021 
1745 _ 0.738 0.899 1.530 
661 0.426 0.159 0.185 0.356 
953 0.716 0.303 0.352 0.709 
1178 0.960 0.424 0.516 1.025 
1362 1.178 0.561 0.681 1.296 
1745 _ 0.863 1.061 1.867 
661 0.594 0.168 0.228 0.558 
953 0.921 0.327 0.428 1.023 
1178 1.189 0.457 0.623 1.375 
1362 1.450 0.597 0.806 1.695 
1745 — 0.899 1.238 2.322 
661 0.733 0.233 0.282 0.817 
953 1.125 0.410 0.502 1.385 
1178 1.550 0.578 0.743 1.809 
1362 1.760 0.731 0.969 
1745 _ 1.069 1.450 2.815 
661 0.782 0.273 0.329 1.083 
953 1.313 0.496 0.603 1.716 
1178 1.784 0.688 0.856 2.192 
1362 2.095 0.870 1.099 2.564 
1745 - 1.314 1.648 3.236 
661 1.170 0.377 0.411 1.489 
953 1.705 0.637 0.736 2.202 
1178 2.134 0.861 1.035 2.708 
1362 2.470 1.058 1.290 3.101 
1745 — 1.531 1.932 3.866 
661 1.422 0.484 0.525 1.881 
953 2.006 0.800 0.878 2.695 
1178 2.461 1.038 1.205 
1362 2.853 1.249 1.518 3.597 
1745 -_ 1.758 2.216 4.435 


1%-in. 
Intalox 


4 ft.'5 in. 


0.030 
0.064 
0.131 
0.197 
0.273 
0.474 


0.039 
0.080 
0.163 
0.243 
0.331 
0.530 


0.043 
0.094 
0.185 
0.275 
0.372 
0.592 


0.047 
0.109 
0.217 
0.316 
0.423 
0.678 


0.060 
0.125 
0.243 
0.365 
0.485 
0.762 


0.069 
0.140 
0.275 
0.406 
0.534 
0.846 


0.079 
0.152 
0.298 
0.432 
0.566 
0.961 


0.099 
0.193 
0.371 
0.569 
0.708 
1.120 
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TABLE 2, PRESSURE Drop IN CONCURRENT FLOW IN A PACKED TOWER 


Tower pressure 745 to 760 mm. Hg., tower temp. 85° to 90°F., 18-in. diameter tower 


Air—2.0N NazCOs, 0.5N 
NaOH system with 5 ft. 
of 1-in. Berl Saddles 


Liquid 


rate, 


lb./hr./ 


sq. ft. 


4730 


9540 


13940 


18920 


23740 


28000 


32800 


37400 
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Air Pressure 
rate, drop, in. 
Ib./hr./ H:O/ft. 
sq. ft. pack. ht. 
516 0.169 
749 0.323 
984 0.508 
1225 0.738 
1491 1.040 
515 0.198 
741 0.375 
950 0.559 
1244 0.892 
1523 1.290 
516 0.227 
749 0:440 
986 0.705 
1232 1.025 
1500 1.449 
504 0.235 
744 0.496 
1015 0.779 
1223 1.191 
1545 1.801 
507 0.303 
744 0.614 
986 0.981 
1.427 
1570 2.188 
505 0.339 
742 0.681 
984 1.183 
1230 1.813 
1500 2.481 
51S 0.435 
741 0.835 
984 1.409 
1229 2.054 
1449 2.699 
484 0.513 
742 1.151 
985 1.852 
1221 2.493 
1339 2.936 


Liquid 
rate, 


Ib./hr./ 1b./hr./ 
sq. ft. 


sq. ft. 


4750 


9500 


14250 


19000 


23750 


28500 


Air-2.5N NazCOs system 


Gas 


rate, 


461 
661 
953 
1178 
1362 


1745 
1770 
461 
661 
953 


1178 
1362 
1745 
1770 

461 


Pressure drop in various packings 


in. water/ft. of packing height 


-in. 


Berl 


4 ft. 7 in. 


0.233 
0.466 
0.695 
0.942 


1.513 
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2-in. 
rings 
4 ft. 3 in. 


0.222 
0.424 
0.634 
0.829 
1.288 


0.420 
0.778 
1.134 
1.454 
2.212 


]-in. 
Intalox 
4 in. 


0.126 
0.256 
0.519 
0.767 
1.009 


1.602 


0.165 
0.333 
0.614 


0.895 
1.176 
1.861 


0.209 


0.395 
0.738 
1.069 
1.387 
2.161 


0.248 
0.476 
0.891 
1.274 


1.658 
2.737 


0.387 
0.703 
1.307 
2.053 
2.655 
3.992 


14-in. 
Intalox 
4 ft. 5 in. 


0.039 
0.084 
0.167 
0.247 
0.333 


0.534 
0.043 
0.096 
0.187 


0.279 
0.373 
0.607 


0.049 


0.103 
0.206 
0.303 
0.404 
0.657 


0.056 
0.125 
0.243 
0.365 


0.485 
0.772 


LIQUID HOLDUP 
Knowledge of the liquid holdup in 


an absorption tower can be useful in 
estimating the required surge capacity 
of a sump or the added weight that 
supports must carry or in correlating 
other properties such as pressure drop 
and mass transfer rates. Most published 
information on holdup pertains to 
countercurrent tower operation at con- 
ditions below the flooding point where 
the holdup is not affected by the gas 
rate. The following work was done to 
supply necessary data for the design of 
concurrent flow absorption towers, par- 
ticularly at higher liquid and gas flow 
rates. 

The variables tested include liquid 
rate at six levels, gas rate at three levels, 
and five types of packing; water was 
the only liquid used. The data were 
arranged in a statistical design to facili- 
tate interpretation. Experimental pro- 
cedure utilized an overflow drain to 
measure volumetric changes in the re- 
cycled liquid system. Each series of 
runs commenced at the highest liquid 
rate with the liquid at overflow level. 
Successive changes in holdup were 
measured by the liquid collected from 
overflow as liquid rates were decreased 
by increments down to zero flow. Ap- 
propriate corrections for liquid evapo- 
ration losses were calculated from inlet 
and outlet air humidities, air rates, and 
time intervals. 

The data obtained are graphed in 
Figure 4. The values agree well with 
prior data, available only for 1-in. Berl 
saddles and 2-in. steel rings at zero 
air flow. The effects of variables and 
the presence of interactions between 
variables are apparent from an inspec- 
tion of Figure 4. 

In comparison with countercurrent 
operation, the relationships appear 
similar at low flow rates but diverge at 
higher rates. It might be generalized 
that with increasing flow velocities 
countercurrent operation tends toward 
the behavior of a liquid-filled tower 
and concurrent operation toward that 
of a tower empty of liquid. With con- 
current flow higher gas rates flatten the 
holdup to liquid-rate relationship, and 
the relative increase of holdup lessens 
at higher liquid rates. Loading and 
flooding points are not obtained. These 
differences between the systems are ex- 
pected and define the conditions where 
concurrent flow may be advantageous. 
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<4 
5 in, 
0.064 0.117 0.160 
0.229 0.311 
pape 0.336 0.457 
6.279 0.444 0,609 
0.474 
0961 
0.731 
080 = 
0.163 0.126 0.191 
0.243 0.258 0.362 
0.331 | 
0.530 
| 0.379 0.535 
0.491 0.706 
0.043 fa 1.109 
0.275 
661 0.150 
0.592 | 
953 0.280 
1178 0.415 
0.047 1362 0.574 
0.109 1745 - 
0.217 
0.678 | 461 
661 0.159 0.253 
953 0.309 0.500 
732 
1178 0.475 0.73 
0.125 
0.243 1362 0.632 0.965 
0.365 1745 1.494 
0.485 1770 ‘1.036 
0.762 461 0.292 0.067 
- 661 0.182 0.309 0.527 0.140 
0.069 
0.140 — 953 0.347 0.584 1.003 0.275 
0.275 1178 0.520 0.852 1.501 0.410 
0.406 1362 0.690 1.117 1.977. 0.549 
0.534 1745 Ar 1.722 3.128 0.886 
0.079 661 0.200 0.358 0.655 0.163 
0.152 953 0.390 0.687 1.259 0.333 
0.298 1178 0.579 1.002 1.836 0.494 
0.432 1362 0.762 1.298 2.349 0.655 
0.566 1745 1973 3.467 1.047 
3 
0.099 33250 461 0.099 
0.193 661 0.197 
0.371 953 0.395 
0.569 1178 0.590 
0.708 1362 0.779 
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Extractive Reaction: Batch and 


Continuous-Flow Chemical Reaction Systems 


Dilute Case 


EDGAR L. PIRET, W. H. PENNEY, and P. J. TRAMBOUZE 


University of Mi ta, Mi 


A reaction process occurring simultaneously with an extraction by an immiscible phase is 


referred to herein as extractive reaction. 


Quantitative relations are developed which show how the rate of reaction, volumetric efficiency, 
and reactant conversion of a single-phase batch reaction can be enhanced by deliberately adding 
to the batch a second phase such as an immiscible solvent or an inert gas. 

Analytical solutions are also obtained for continuous-flow extractive reactions of first order 
and of simple or complex stoichiometry occurring in single- or multistage stirred-tank reactors. 
The effect of recirculated or side streams is included. 

Dilute systems and several types of reactions are considered. The equations are applicable, 
for instance, to liquid-liquid systems and solid-liquid or gas-liquid processes wherein reaction 


occurs in either the vapor or condensed phase. 


The yield and rate of product forma- 
tion for many reactions are affected, 
and often can be favorably increased, 
by the presence, or the deliberate, 
controlled addition to the reaction sys- 
tem, of an _ immiscible, extractive 
phase. Such operations, involving a 
simultaneous extraction and reaction 
process, will be herein referred to as 
extractive reactions. 

The performance of such extractive 
reactions are compared herein to the 
yields and rate of the corresponding 
single-phase process. The develop- 
ments are for batch and also for single- 
or multistage continuous-flow stirred- 
tank reactor installations operating on 
dilute, two-solvent, two-phase systems. 

The term extractive reaction encom- 
passes several unit operations, for ex- 
ample liquid-liquid extraction, gas 
absorption and desorption, leaching, 
distillation, and others wherein a reac- 
tion occurs simultaneously with the 
transfer processes. In the case of ex- 
tractive reaction the emphasis is on 
affecting the conversion of a reaction 
process rather than on designing a unit 
to effect primarily an absorption, ex- 
traction, or separation operation. Re- 
lated gas-absorption operations in 
which reactions occur in the gas or in 
the condensed phases simultaneously 
with mass transfer have in fact already 
received considerable attention in con- 
nection with the design of plate or 
packed columns. 

Edgar L. Piret is at the American Embassy, 
Paris, France; W. H. Penney is with Minnesota 
Mining and Manufacturing Company, St. Paul, 


Minnesota; and P. J. Trambouze is at Institut 
Francais du Petrole, Rueil-Malmaison, France. 
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Of course many commercially im- 
portant chemical reactions normally 
take place in multiphase systems, for 
example sulfonation, nitration, alkyla- 
tion, esterification, etc., and the ratio 
of the phases can be varied for opti- 
mum results. The reactants enter the 
system in two or more immiscible 
phases, and two phases are normally 
present during the reaction; however 
in addition one should consider that 
some reactions which are carried out 
in a single-phase system or are nor- 


polis, Minnesota 


mally followed by a solvent extraction, 
distillation, or other separation opera- 
tion may be improved by deliberately 
introducing a second extractive phase 
to affect the rate of a reaction and con- 
version to a desired product and/or 
simultaneously to achieve the separa- 
tion of the products. 

In the following development, mix- 
ing of the phases will always be con- 
sidered as being high and so effective 
that they will be in physical equilib- 
rium with each other at all times. With 
mass transfer essentially instantaneous, 
it is the chemical-reaction step which 
controls the over-all rate of the process. 
The agitation is also sufficient to ensure 
that at all times the concentrations in 
either phase are uniform throughout 
the reactor contents. The simplifica- 
tions will be made that reaction takes 


Xaol 
X Xant 
xo! NY Xan Fi Xeni 
x 
x BN Xoni 
Q) AO F, Xon 
Xgo F F. 
Xco xX 
Xaoz STAGE | 2 i 
SEPARATOR 
Qa 
F, Nr Xpit F Ail 
Xag-n | Xai 
b) Xpii-t) F Xp, 
© 
X ati-ne F. x Xaie 
[PHASE 
STAGE i 
x 
F ANI 
Xao NE) Xeni 
x XBo Xcnt 
AO! F, Xco 
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Fig. 1. Concurrent two-phase extractive-reaction systems, including separators and recircu- 
lation. 
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place in one phase only and that the 
presence of solvent has no effect upon 
the rate constants and reaction mech- 
anism. No reaction occurs in the inert, 
solvent phase or at the interphase. 
However the equations are easily mod- 
ified to include reaction in both phases. 
Isothermal conditions are assumed. 
The phase equilibrium partition coeffi- 
cients and solubilities are considered 
as being independent of concentrations. 
Such conditions may obtain closely if 
the reacting components are present 
in low concentrations. As an example, 
the reactants are in a dilute aqueous 
phase, and a second immiscible liquid, 
such as benzene, is added to affect an 
extractive reaction process; this consti- 
tutes a dilute, two-solvent, two-phase 
system, the two solvents being in this 
case water and benzene. In another 
example an inert gas is caused to flow 
through a dilute, reactive liquid phase 
so as to strip a product or feed a re- 
actant. A solid reactant might be pres- 
ent in the liquid, when a three-phase 
extractive reaction process is involved. 

For simplicity of text, ideal solutions 
are assumed, and so activity coeffi- 
cients are not written into the equa- 
tions. For specific cases this simplifica- 
tion can be modified as _ needed. 
Concentrated solutions, higher order 
reactions, and_ single-solvent, —two- 
phase systems will be considered in a 
later paper. Numerical examples will 
also be given. 


TWO-PHASE BATCH PROCESSES 


First-Order Reversible Reactions 
A first-order reversible reaction of 


k 
kinetics ag and of stoichiometry 


aA = bB is occurring in a two-phase 
extractive reaction batch process. The 
rate of decrease of concentration of A, 
that is — (1/V) (dn,/dt), in a homo- 
geneous irreversible reaction system is 
set equal to k(n4/V). However since 
the partition coefficients are defined in 
terms of mole fractions, it is deemed 
convenient in the following sections to 
express the rate equations in terms of 
mole fractions rather than concentra- 
tions. 

The rate equation in a single-phase 
system is 


dn, k k 


(1) 


Since the two-phase reaction occurs 
in-dilute concentrations, the phase 
volumes and the ratio of the total 
moles in the extractive layer to that of 
the reactive layer may be considered 
constant throughout the reaction pro- 
cess, 


Equation (1) becomes 
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— dng = kx, nz dt — k’ xz ny dt (2) 
and since in a two-phase system 
Na = Na, + Nap (3) 
then from (2) and (3) 
dna, + dna, = kK’ xe, nr, dt 
— k xa, nr, dt (4) 


The partition coefficient of a com- 
ponent is given by the ratio of its mole 
tractions in the two phases; thus 


XA, Na, Nr, Nay 
Nag Nr, 


Upon substitution (4) becomes 


(asR +- 1)dna, + ag Nag dR 
= k’ xs, nr, dt —k xa, nr, dt (5) 


and since R is constant 


(asR + 1) dns, = Kk xs, nv, dt 
—k xa, nr, dt (6) 


From stoichiometry 


— Naor 
a 


-— X42(a4R+ 1) 
a 


nr, 
+ 1) 
(7) 
Combining (6) and (7) yields 
bk’ xa, 
+ (8) 


ant, (aaR+1) (aeR+1) 
Equation (8) relates dxs./dt, the 


change in mole fraction of component 
A within the reactive phase only, with 
time. 


The instantaneous over-all influence 
of the added phase on the reaction rate 
is expressed by the ratio of the total 
reactant consumption rate in a two- 
phase process to that in a single-phase 
operation at equal reaction times; that 


Nar 


is 


when t = 
Nas 

A time ratio is defined as the ratio 
t/tee of the times required for equal 
fractional molar conversions in a two- 
phase and in an alternate single-phase 
system when the initial total number 
of moles of component A charged to 
the systems are the same; that is 


AN ar An, 


and = Nao 


Naor Nao 


The effect of the added phase on 
the equilibrium conversion is indicated 
by the ratio of the fractional conver- 
sions at equilibrium and for equal total 
number of moles of reactants charged 
to the systems; that is 


(Naor a n* ar) / Naor 


(na / 
(Naor — ar) An* ap 
where Naor = 
Reaction-Rate Ratio The single- 


phase reaction rate —dx,/dt is readily 
obtained from (8) by letting R be 
zero. 


dx. 
dt 


= k ) Xa 
a / 


k + ang.) (9) 


any 


Also from (8) by integration 


[ bk’ (asR +1)+ ak + 1)] — K (bnaor + anzor) (1 —e’) 


Xa2 


[ bk’ (a4R + 1) + ak(a;R a. 1) 


Two-Phase Effect on Rate of Reaction, 
Time Ratio, Conversion Ratio, and 
Equilibrium Conversion 


(10) 


where 


[bk + 1) + ak(asR + 1)] 
a(a4R + 1) (asR + 1) 


The development of expressions for When R = 0, (10) becomes 


[bk’ + ak] — k’(bns, + ang.) (1 — e’) 


= 


(11) 


[bk’ + ak] nre’” 


the effect of an added phase on the 
rate of reaction, production per unit 
time, and equilibrium conversion of a 
single-phase system will now be illus- 
trated for the above first-order reaction. 
Higher-order reactions can be treated 


where 


Combination of (8), (9), (19), and 
(11) yields 


Ax 4. [bk’ (asR + 1) + ak(asR + 1) J — (bna.r + 
anr.(a,R + 1) + 1)e* 
(12) 
in a similar manner. and 
dx. [bk’ tak (13) 
dt a Ny e” 
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| 
| b 
— 
— 
| 


The ratio dx4./dx, may be formed: 
bk’ ak 


é 


(briaor aNgor) 


+ 
a;R+1 


asaR+1 


| — 


N72 (asR+1) (agR+ 1) 


dx. 


An expression in terms of the total 
reactant consumption rate, dn4r/dnz, is 
obtained: 


dX 4» Ny | 
dx, dn, Nrs(asR + 1) 
(15) 
Equations (14) and (15) give 


dnar 


r 


k 
+ ak] x40. —— (bna, + ans.) 
Ny 


(14) 


Equation (17) is the ratio of the 
times required to form equal moles of 
product for any initial concentrations 
or solvent ratios. If the ratio exceeds 
unity, the extractive reaction has the 
higher production per unit time. 

When the initial total charges of 
component A are equal maz is set 


An* ar 


From (8), when —dx,./dt = 0 - 

bis [bnar + 

(asaR+1) +ak(asR+1) 
(20) 


10" as 


Likewise from (8), when dx,./dt = 0 
and also R = 0 


bk’ + ak 


n* 4 = 


(21) 


By equating (18) and (19) there re- 


sults 


b(azR + 1) n* ap (Naor — n* ar) 


An*, 4 


e” (asR 1) ak (a,R + 1)] X402 — K aNzor) 


dn, 


Equation (16) describes the ratio of 
total reactant consumption rates for a 
first order reversible reaction as a func- 
tion of time and the constants of the 
systems. 

This relation can be advantageously 
applied for example to highly exo- 
thermic and autocatalytic reaction sys- 
tems where the control of the rate of 
reaction for heat transfer or quality of 
product purposes is often of prime im- 
portance. 


Time Ratio The integrated form of 
Equation (8) is 


+ 1)[ (bk + ak) np x4, — k’ + ans.) 


(16) 


equal to n4., and (17) reduces to E,, 
the ratio of times required to produce 
the same fractional conversion. E, is a 
function of the molar phase ratio, the 
system properties, and the single-phase 
batch time. 

Equilibrium Conversion Ratio. The 
value of the equilibrium constant, 
within the reactive phase of either a 
two- or a single-phase system, is a con- 
stant, and so 

= k/k = — / 

po/N* n*;/n* 


n*/n* » 


40/N* go 


[bk (asR + 1) + ak(o2R + 1)] 


a(asR + 1) 1) 


ER 


= [bk’ (asR + 1) +ak(aR + 1)] nr X402— (bnigor + anzor) | 
[bk’ (asR + 1)+ak(a,R + 1) ] np — K (bnisor + anzgor) 


which when written for a single-phase 
system becomes 


From a mass balance for a single-phase 
system 


[ bk’ + ak |r [ (bk’ + ak) np x4. — k’ (bn, + ang.) | 
= In 


a 


If Ansr = Any; that is, the moles of 
reactant converted in the extractive re- 
action and in the single-phase system 
are equal, then 

Naor — (Mao — Na) 


(asR + 1) 


and molar balance requires 


NpoX a2 


= Naor/ +1) 


From these relations a production time 
ratio is obtained: 


(bk’ + ak) np xs — k’(bna, + ans.) 


(18) 


From a mass balance for a two-phase 
system 


(aR (Naor — (a4sR + 1)n ua) + Npor 
a 


(22) 
If there is no initial component B 
present, ns,.r and ms, are zero, and 
with the substitution of Equations 
(20) and (21) Equation (22) re- 
duces to 
An* ar 
An*, 
Naor(asR + 1) (bk’ + ak) 
bk (asR 1) +ak(asR +1)] 
(23) 


If nasr = Nao, then the equilibrium 
conversion ratio is obtained: 


(apR + 1) (bk + ak) 
bk’ (asR+1) + ak(oeR+1) 
(24) 


E. = 


This equation indicates an equilib- 
rium-conversion advantage for the two- 
phase system when as > aa. 


TWO-PHASE CONTINUOUS 
STIRRED-TANK REACTOR SYSTEMS 


The assumption of physical equi- 
librium between the phases in con- 
tinuous extractive reaction processes 
can often best be achieved in continu- 
ous stirred-tank reactor (CSTR) sys- 
tems, since it is in these installations 
that high levels of agitation can most 
readily be provided. In a CSTR chain 


Ke: = 


(19) 


n* 4+ 1) 


t [bk’(asR + 1) + ak(asR + 1)] 


a(asR + 1) + 1) 
ter B 
— ak (nsor) 
+ 
In 
ak ) [Naor — (Mao — Ma) J— + — Ma) ] (17) 
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the streams of the two phases can be 
arranged in several ways; hence the 
concurrent, crosscurrent, and _ counter- 
current installations are of interest. 
Analytical solutions are illustrated 
herein for typical stoichiometrically 
simple as well as_ stoichiometrically 
complex first-order reaction systems. 
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Concurrent Arrangement 


The kinetics and stoichiometry of 
the first-order reaction occurring in the 


system is taken as A a B= C. This is 
an example of a reaction which is 
kinetically and stoichiometrically com- 
plex (2). 

In a concurrent arrangement the 
separation of the two phases need oc- 
cur only at the end of the CSTR chain 
(Fig. la); however to facilitate the 
writing of the molar balances, an 
imagined separation of phases in stage 
i is schematized in Figure 1b. 


F F Xai + k Xaiz (25a) 


F = F xg, + k, Ne 
—k 


(25b) 
F Xcu-» = F xo — k, Ne (25c) 


with 


F x4; = Fy Xan + Fe (26) 


and identical relations for components 
B and C. 

As in the batch case the two solvents 
are assumed completely immiscible or 
of partial miscibility not affected by 
the content of A, B, and C, which are 
present in low concentrations in either 
phase. Since the ratio of the phases 
within the reactors is not necessarily 
equal to the ratio of the flow rates, 


where « depends upon operating con- 

ditions and on the apparatus design, 

such for example as the position of 

baflles relative to the outlet tube (1). 

F,, F., R, and e« can be assumed to re- 

main constant along the reactor chain. 
Then from (26) 


eR+1 


27 
oR+1 ( 


Similar expressions are found for Xziz 
and Xcis. 
Equations (25) become 


= (1+ Ai) (28a) 
= (1 + A.) —A, Xas 


(28b) 
where 
eR+1 
aseR+1 


From (28a) and (28b) a second-order 
difference equation is obtained: 


Xei(1 + A,) (1 A.) — 
(2 A, A,) + = 0 (29) 


The roots of the characteristic equa- 


Vol. 6, No. 3 


tion are p, = 1/1+4 A, and p, = 1/ 
1 + A,, and the general solution is, if 
A, ~ As: 


Xai = G, pu + G, (30) 


By substituting (30) into (28D), 
one obtains 


A, 1 res 
A, 1 Pi 


Xai = 


(31) 
and from (28c) 


G, ps’ | G, 
(32) 
The constants G,, G., and G, are ob- 


tained from the boundary conditions, 
that is the feed compositions 


F 


1 2 
X40 = XA0, — XAoo 
F F 


with similar expressions for xg, and X¢o. 

By equating these values of the feed 
to Equations (31), (30), and (32) 
when i = 0, one can obtain three 
equations in G,, G., and G;: 


= G,, XBo = 
A, 


G, + G,, 


A, 
Xco = G, —— G, —G, 
A, 

The composition of the final product 
of the reactor chain, Xay, Xsy, and Xey, 
is given by Equations (31), (30), and 
(32), with i = N. In some cases the 
residence time of the reactive phase in 
the phase separator will need to be 
taken into account to get the actual 
values of Xayo, and 


Recirculation of the reactive phase 
Recirculation of the reactive phase 
may result in better utilization of the 
reactants (Figure lc). In this case 
Xaoo = = Xana, and Xco = 


Xeve. Equations (30), (31), and (32) 


remain the same; only the boundary 
conditions are changed so that 


P, F, 
Xao = — + 


F 


F, F, 
rz X40. + 


Using the value of xay. given by Equa- 
tion (31) one gets 


A, £44 
R X40. + ———— 
+ A, 


1+ 
= 


G, 


G, 


and similarly 
eR + G, + G, ps" 


Xe = 


A, 
eR Xeo1 G,— G.p." 


1 


1+ eR 
A; 

= G, ——G, — G, 
A 


1 


These equations allow the determina- 
tion of G,, G., and G, and the solution 
of the design problem. 


Cross-current Arrangement 

In_ this arrangement each reactor 
stage receives a stream of extractive 
phase, of the same composition for 
each stage, and also a stream of re- 
active phase coming from the phase 
separator of the preceding stage (Fig- 
ure 2). If residence times in the phase 
separators are small compared with the 
holding times in the reactor stage, their 
effects may be neglected. 

Crosscurrent operation may often be 
advantageous for reversible reactions; 
hence a first-order reversible reaction 


Ste 
Fe 
x 
Xati-2v2 
Xpii-22 Bi2 
Xati-n2 
STAGE (i-!) STAGE i 


R=REACTOR STAGE 
S=PHASE SEPARATOR 


Fig. 2. Countercurrent two-phase extractive-reaction system with separators. 
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(20) 
| 
Pe = G, + G, 
Ny, 
F, 
1) | 
(24) 
quilib- 
e two- 


will be considered. Its stoichiometry is 
expressed by aA = bB and kinetics by 


k 
A= B, so that 


dn, 
——_=akn,—ak,n, and 
dt 
dn, 
=bk 1—bk, B 
dt : 


The case selected is stoichiometrically 
simple. Since the concentrations of A 
and B are assumed small, F, and F, 
will be taken as constant, even if ab. 

Molar balances around the ith stage 
result in 


Xaci-ye2 +4. eR = 


Nrs 
R A ka | 
[ + eRas + F, 


—k,a (33a) 
+ €R = 
F, 
(38b) 


For simplicity of presentation set 
X40, = Xno, = O; that is each stage re- 
ceives an extractive stream of pure 
solvent. 


By letting 
1 + eR as = A, 1 + eRaz = A,, 


NT, 
k = B, and k, ——_ = B, 
F, F, 


Equations (33) become 


= (A, +a B,) 
a Barn, (34a) 
= (A, + b B,) 
(34b) 


By combining (34a) and (34b) one 
obtains the second order difference 
equation: 

xats[ (A, + b B,) (A, + a B,) 

b B, B,] Ai A, 

+a B, + b B.] +XacG-»2 = 0 (35) 


The roots of the corresponding charac- 
teristic equation are 


Pz 
(37) 


The constants G, and G, are obtained 
by expressing the feed composition 
X4oz aNd Xa02 by the means of Equations 
(36) and (87) when i = o: 


XAo2 = G, G, 


1 
a B, Pi 


1 
+ G, | 
Pa 


As in the concurrent arrangement, 
the effect of reactive-phase recircula- 
tion can also be calculated. 


Countercurrent Arrangement 


Figure 3  schematizes the chain 
under consideration. Again residence 
times in the phase separators will be 
considered small. Since the equa- 
tions for countercurrent arrangements 
quickly become elaborate, the simple 
case of a first-order reversible reaction 


Aue is chosen here. However more 
k, 
complex first-order reactions can be 
similarly treated. 
The molal balances for components 
A and B around the ith stage are 


Fy Xacisn2 — (aa Fy + + k Nr») 
+ ky + a4 Fy = 
(88a) 


Fy — (ae + + k, 
+ k Xate + op Fy =O . 


(38b) 
By letting 
k nr, 
F, 
k, nr, 
A.= Ras+1+hkh, 
F, 
k nr, 


2 ? 
2 


Equations (38) become 


Xacisne — Ay + B, xvi, 


+ OF Xaci-y2 = 0 (39a) 


(A, + A: + aB, + bB,) + \/(A, + aB, — A, — bB,)? + 4ab B, B, 


Pi; P2 = 


(A, + aB,) (A, + — ab B, B.] 


and the solution of (35) is 


= Gip:' + (36) 
From (44) 
1 
= 
a B, pi 
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— Ay Xat, + By 


+ C, XBu-y2 = 0 (39b) 


From (39a) and (39b) the fourth 


order difference equation is found to be 
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(C, C.+ A,A, B,Bz) 
(40) 


Since A, = 1 + C, + B, and A, = 
1 + C, + B,, the characteristic equa- 
tion is 
(e—1)[p°—(1 + C, + C, + B, 
B.) (C, + C, C,C, + B.C, 
+ B,C,) p —C,C,] = 0 


whose roots are 1, p:, p» and ps. 
The general solution may then be 
written, if the roots all differ, as 


XAig = G, + G, + G, pe' Gs ps’ 
(41) 
and from (39) 


—l 
XBig = (1—A, + C,) 


+ Gy — Aya + Cx) 


The constants G,, G,, G., and G, are 
determined from the knowledge of 
the inlet streams compositions, 
Xawey2, ANd 
Similarly if i = N + 1, other inlet 
compositions Xawsy2 and are 
given by Equations (41) and (42). 
The resulting set of four equations al- 
lows the determination of G,, G,, G,, 
and G,. 

In the case of recirculation of the 
reactive phase from the separator of 
the first stage to the last-stage reactor, 
the boundary conditions are different. 
The composition of the fresh feed en- 
tering the system and is of 
course usually known, but Xaw.»2 and 
Xewsye are unknown. These however 
are respectively equal to x4, and Xsy, 
and so again a set of four equations 
leads to the values of the constants. 


REMARKS 


In a chemical reacting system the 
total number of components taking 
part in the reaction can be distin- 
guished from the number of compo- 
nents playing a role in the kinetics. If 
there are S independent stoichiometric 
relations between the M components 
and S’ independent stoichiometric re- 
lations between the M’ components, in 
the general case M 2 M’, S2 S’, and 
S = 1. As an example consider the fol- 
lowing set of reactions: 

A+BsC+D 
C+D-E+F 
A+E>-G4]J 
Here M = 8 and M’ = 5 (A,B, C, D, 
E). The independent stoichiometric 
relations are 
Ang = An, 
Ang + Ang + Ane + ANp + Ane 
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+ Any + Ang + An; = 0 
Ang ANy 


then 


S=8 and S’=1 


In addition to the S stoichiometric 
relations, kinetic analysis yields M rate 
equations, which, when combined with 
material balances over the reactor, 
form the basis of design calculations. 
The mathematical problem is one of 
solving these M differential or differ- 
ence equations with the boundary con- 
ditions, usually given by the feed, 
product, or recycle compositions. 

The number of equations to be 
solved simultaneously will be equal to 
the number of independent variables. 
In general (if phase-volume variations 
are neglected) this number is equal to 
the total number of components play- 
ing a role in the kinetics, minus the 
number of stoichiometric relations ex- 
isting between these same components; 
that is m = M’ — S’, 

It is advantageous, as shown pre- 
viously (2), to distinguish between 
kinetically simple reactions, that is 
where m = 1, and kinetically complex 
reactions, that is where m > 1. In the 
case of stoichiometrically simple reac- 
tions the use of the _ stoichiometric 
equation and of the initial conditions 
reduces the number of independent 
variables from M’ to unity, and so 
in this case only one final equation has 
to be solved. 

In a two-phase system, where physi- 
cal equilibrium between the phases is 
assumed, the number of independent 
variables remains the same as in a 
single-phase system because additional 
relations, such as ad, = ase, give the 
composition of the phase when the 
composition of the other phase is 
known. 

The available stoichiometric rela- 
tions, however, can always be used to 
reduce the number of variables in con- 
servative arrangements, that is where 
the total mass of reactants and prod- 
ucts is the same in all portions of the 
system. Examples of conservative ar- 
rangements are batch, tubular, and 
single or multistage continuous stirred- 
tank reactors operating on single-phase 
reactions, and also batch and concur- 
rent CSTR two-phase reaction systems. 
In such arrangements the boundary 
conditions may be given at any points 
of the system, without making impos- 
sible the use of the stoichiometric re- 
lations. In some cases, such as in a 
concurrent arrangement with recircula- 
tion, where boundary conditions are 
more complex, it can be more conveni- 
ent for analytical purposes not to use 
the stoichiometric relations but rather 
to retain the original number of varia- 
bles and to solve a larger number of 
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TABLE 1. ORDER p OF THE DIFFERENTIAL (D) OR DiFFERENCE(A) EQUATION 
DEscrRIBING HOMOGENEOUS AND TWO-PHASE PROCESSES WITH NEGLIGIBLE PHASE- 
VOLUME CHANGES 


First order, stoichio- 
metrically simple 


Reactor system 


Single phase 


Batch or tubular Dp=1 
Continuous stirred-tank Ap=1 
reaction or 
Two-phase* 
Batch or tubular Dp= 
CSTR: Concurrent 
Concurrent with Ap=M’ 
recirculation 
Crosscurrent Ap = WM’ 
Countercurrent Ap = 2M’ 


Reaction type 
First order, stoichio- 
metrically complex 


Ap = M’—S’ 
Dp =M’—%S’ 
Ap=M’—S’ 
Ap = WM’ 
Ap = M’ 
A p = 2M’ 


® When equilibrium is assumed between the phases. 


simultaneous equations. Crosscurrent 
and countercurrent CSTR two-phase 
reaction arrangements are nonconserva- 
tive; hence the S’ stoichiometric rela- 
tions cannot be used and m = M’, In 
a countercurrent arrangement the 
stoichiometric relations can be used 
only when the two necessary boundary 
conditions are given at the same end 
of the system. 

If for any of the above listed non- 
conservative arrangements a stage-by- 
stage rather than an analytical solution 
is used, then, since a single stage is 
conservative, the stoichiometric rela- 
tions can be applied. 

The consequences of these remarks 
can be illustrated by considering first- 
order reaction systems. In such cases 
the simultaneous solution of the initial 
set of rate equations leads to one dif- 
ferential or difference equation, for 
example Equation (29) from (25), 
(35) from (33), and (40) from (38). 
In Table 1 the order p of the final 
equation to be solved is shown. It is 
seen how this order varies with the 
reactor type and arrangement used as 


well as with the reaction itself. The 
magnitude of p gives an idea of the 
complexity of the problem. It will be 
seen that for a countercurrent CSTR 
arrangement p = 2M’, because in the 
initial set the equations are of second 
order. 

In a subsequent paper variations in 
volume will be considered. It will be 
seen that if the arrangement is con- 
servative, m = M — S and if noncon- 
servative m = M. 
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NOTATION 


A, B, C, D, = components A, B, C, D 
a, b, c, d = stoichiometric coefficients 
E, = equilibrium conversion ratio 
rate ratio 


R R 
F; F 
x Xant 
Fe STAGE | STAGE 2 STAGE N 
Fe 
x 
Xain+ne 
R=REACTOR STAGE 
S=PHASE SEPARATOR das 
Nt 
Xau-n Xair 
Fe Fp 
Xai2 
Xpie 
STAGE i 


Fig. 3. Cross-current two-phase extractive-reaction system including separators. 
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(40) 
A; = 
equa- 
B, 
B,C, 
n be 
Gs | 
(41) 


F = molal flow rate of either or 
both phases, moles/min. 

K = equilibrium constant 

k, k, k. = reaction-rate constants 

M = number of components tak- 

ing part in the reaction 


M’ = number of components play- 
ing a role in the kinetics 

m = number of independent vari- 
ables 

N = total number of stages in a 
chain 

n = number of moles 

Nn = total number of moles in the 
extractive phase 

Nye = total number of moles in the 


reactive phase 
= order of differential or dif- 
ference equation 
R = ratio of the total number of 
moles in the extractive phase 


to the total number of moles 
in the reactive phase, nr,/nr, 
S, S’ = number of independent stoi- 
chiometric relations between 
the M or M’ components 


t = time 

ter = time in an extractive reaction 
batch process 

V = volume of the reactor 

Xa = mole fraction of component 
A 

Nas = mole fraction of A in the ex- 
tractive phase 

xsi; | = mole fraction of A in the ex- 


tractive phase of the ith re- 
actor stage 

as = partition coefficient of the 
component A, 

€ = factor relating the phase 
ratio in a reactor to the ef- 
fluent flow rates, F,/F, = «R 


Subscripts 

A, B,C ... = components A, B,C... 

i = any stage in a reactor chain 

re) = initial conditions 

T = total moles in either or both 
phases 

1, 2 = extractive and reactive phase 
respectively 

Superscripts 

= chemical equilibrium condi- 
tions 
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Longitudinal Mixing in Fluidization 


E. J. CAIRNS and J. M. PRAUSNITZ 


Longitudinal mixing properties in liquid-solid fluidized beds were investigated by means of 
a salt-solution tracer technique. The electrical conductance breakthrough curves were measured 
with very small electrical conductivity probes for a step-function input of salt-solution tracer. 
Longitudinal eddy diffusivities were determined for 1.3- and 3.0-mm. lead spheres and 3.2-mm. 
glass spheres in 2- and 4-in—diameter beds at a distance of 5 bed diam. from the injector 


and for various radial positions. 


The longitudinal mixing properties are strongly affected by particle concentration; maximum 
mixing occurs at a fraction voids of 0.7. Longitudinal eddy diffusivity increases with particle 
density and with decreasing d,/D ratio. Velacity profiles markedly influence the eddy-diffu- 


sivity profiles. 


Fluidized systems have been of great 
interest in industry tor the past decade 
or more and have come into promi- 
nence for use as chemical reactors. In 
most cases the yields of such reactors 
are highest when the radial mass 
transfer processes are maximized and 
the axial mass transfer processes mini- 
mized. The complicated hydrodynamic 
situation in fluidization defies theo- 
retical analysis, except for very simpli- 
fied and inexact approaches. Conse- 
quently there has been increased effort 
in the direction of definitive experi- 
mentation. A few radial-mixing studies 
have been conducted (2,10), but data 
on longitudinal mixing in fluidized 
systems are rare. Gilliland, Mason, and 
Oliver (9) have presented a few data 
points for longitudinal diffusion in gas- 
solid fluidization, and these _ results 
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yield longitudinal Peclet numbers 
(Ud,/E) in the range of 0.0005 to 
0.0015. Danckwerts et al. (5) investi- 
gated residence times in an industrial 
fluidized reactor, and their over-all 
Peclet number was of the order of 
0.001. 

The purpose of the present work 
was to determine and to investigate 
the important variables affecting the 
longitudinal mixing in liquid-solid 
fluidized systems. The mathematics of 
the model used here was originally 
presented by H. A. Einstein (8) in 
connection with the motion of pebbles 
in a water stream. 


THEORY 


The model applied to a packed bed 
assumes that the particles of packing 
material are stationary in space and 
that the fluid at the surface of the 
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packing particles is stationary with re- 
spect to the main stream of fluid. If 
the assumption is made that the main 
fluid stream is moving rapidly with re- 
spect to the particles, then the model 
would be expected to be applicable to 
a fluidized bed. However if this as- 
sumption is only approximately valid, 
the mathematical results are still ac- 
curately applicable, owing to the cen- 
tral-limit theorem, provided that a large 
enough number of events is considered, 
that is, that the bed is of sufficient 
length. 

The statistical model, which is dis- 
cussed in detail elsewhere (1, 11), con- 
siders the motion of tracer corpuscles 
in the mainstream fluid. The corpuscles 
move according to a repeating pattern 
of a motion phase followed by a rest 
phase. A very small amount of time is 
required for the motion phase but the 
rest phase requires much longer. Thus 
the tracer corpuscles move, then rest, 
then move, etc. The rest phase may be 
thought of as taking place at the vari- 
ous stagnation points at each packing 
particle and in the eddies and the rela- 
tively stagnant points immediately 
downstream of the particles. The mo- 
tion phase occurs during the rapid 
flow between particles. 
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The probability density function for 
the position of the tracer corpuscle 
with respect to longitudinal distance 
and time after one double phase is 


p(z,t’)dzdt’ = e'~“*dzdt’ = (1) 
By applying this probability density 
function to a consecutive set of motion 
and rest phases which result in the 
tracer corpuscle being found at the 
position z = N att’ = T, and consider- 
ing all possible paths for arriving at 
N at T, one arrives at the expression 


= 1,(2\/NT) dT (2) 


The definition of F in Equation (2) 
corresponds to a step function tracer 
input. 

The important assumptions involved 
in the above derivation are that the 
velocity profile over the region of in- 
terest is flat, the probability of a cor- 
puscle coming to rest is independent 
of longitudinal position, and the time 
lapse during the motion phase is short. 

Equation (2) may well be approxi- 
mated (12) by 


The parameters T and N are related 


to the more familiar parameters of 
eddy diffusivity and time by 


T=—— (5) 


TIN = (6) 


Equation (4) is in essence a definition 
of the eddy diffusivity in terms of the 
Einstein statistical equations. If 
is plotted against (T/N) for an as- 
sumed N, the familiar breakthrough 
type of curve is obtained. 

A very convenient method of evalu- 
ating N (and hence the Peclet group 
which is equal to N d,/Z) is to obtain 
the slope of the breakthrough curve at 
the point T/N = 1, since from Equa- 
tion (2) 


(sam)... 


For large N one obtains 


T/N=1 
N = ( ) (9) 


Equation (7) gives a very rapid meth- 
od of determining Peclet groups from 
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experimental data. Other methods (4, 
6,7, 14,15, 17,20) require consider- 
ably more extensive calculations. 


EXPERIMENTAL 


The discussion above indicates that 
it is desirable to use a tracer technique 
for studying longitudinal mixing be- 
havior in fluidized beds. Since the fluid 
velocity is relatively high, ordinary 
sampling procedures are unsatisfac- 
tory; a continuous monitoring pro- 
cedure would be very desirable, since 
transients in the system are to be fol- 
lowed. The electrical conductivity of 
an electrolytic solution is very nearly 
proportional to the concentration of the 
electrolyte, and the time lag of elec- 
trical conductivity measurements is 
negligible. Therefore the electrical con- 
ductivity method was chosen for con- 
tinuously following the liquid-phase 
mixing behavior by injecting a sodium 
nitrate solution into an aqueous main 
stream. 


General Flow Apparatus 


A schematic flow diagram of the equip- 
ment is shown in Figure 1. Water is 
obtained from constant-head tank, 
metered, and pumped by means of a 
regenerative type of turbine pump into 
the flow distributor, which causes the 
water to have a flat velocity profile. From 
the distributor the water passes up into 
the flow-development section, which is an 
8-in. length of tube having the same 
diameter as the test section and packed 
with 2-mm. glass spheres. The injector 
head is mounted directly above the flow- 
development section, and the test section is 
immediately above the injector head. 

The upper surface of the injector head 
supports a screen which in turn supports 
the fluidized bed. The space below the 
screen and above the flow-development 
section is also packed with spheres. Above 
the test section is a particle disengaging 
section, which is an open tube, 8 in. long, 
which overflows into a tank and drainage 
system. 

The apparatus was designed in such a 
manner that various diameters and heights 
of test sections could be be employed. 
Two-and 4-in.—diameter test sections 2 ft. 
long were studied in this work. The 
diameters and specific gravities of the par- 
ticles studied were 3.2 mm., p = 2.45; 3.0 
mm., p= 11.3; 13 mm., p = 11.3. 


Electrical Conductivity Probes 


The probe tip which holds the elec- 
trodes was constructed from a _ Bakelite 
type of material in cylindrical form, 3 mm. 
in diameter. The rod contains a slot 7 mm. 
deep and 1 mm. wide. On each side of 
the slot a circular platinum electrode 1 
mm. in diameter is mounted less than 1 
mm. from the probe tip. Wires from the 
electrodes are passed through the tip and 
into the probe body of %-in. diameter 
stainless steel tube. The leads are passed 
through the tube and connected to the 
electronic apparatus. These probes are 
able to measure the conductance of a very 
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small volume of fluid (about 1 cu. mm.) 
and to trace that conductance with a 
negligible time lag. The stagnation point 
at the slot end is relatively far from the 
electrodes in order that there may be 
negligible stagnation or holdup effects on 
the conductance reading. 

The mounting device for the probes was 
constructed such that the probes can 
monitor the conductance at any Z level in 
the bed and at any angular orientation 
around the axis. The radial positions can 
be obtained in multiples of r./12. The 
mounting device dips into the bed from 
above and fits snugly against the tube 
walls, causing a minimum of disturbance to 
the flow. The probe tips are at all times 
at least 4% in. from the nearest portion 


of the probe support. 


Electronics 


The determination of the electrical con- 
ductance of the solution between the elec- 
trodes of the probe described above must 
be a continuous one, and hence standard 
bridge networks could not be used. Figure 
2 schematically shows the basic network. 
The oscillator was voltage stabilized and 
supplied a 20-kc. voltage. A current-sens- 
ing resistor r was selected so that it would 
always be less than 0.01 R where R is the 
resistance of the solution in the conduc- 
tivity probe. Therefore V, is very nearly 
directly proportional to (1/R), which is 
the conductance of the solution. 

The signal V, was then fed to an ampli- 
fier and demodulator network. The output 
of the amplifier demodulator was a varying 
d.c. voltage directly proportional to the 
conductivity of the solution in the probe. 

The amplified signal was used to drive 
a mirror type of galvanometer in the 
Heiland type 906 Visicorder. The Visi- 
corder had a flat frequency response up to 
about 300 cycles/sec. and hence could be 
used to study the transients of interest in 
this work. 

The amplifier-demodulator network was 
able to accommodate six simultaneous 
signals from the probes and also delivered 
to the recorder these signals as well as a 
60-cycle timing pip and a start pip, which 
was electronically placed on the chart 
when the step function of tracer solution 
was turned on or off. The start and tim- 
ing pips are discussed in more detail else- 
where (1). The timing pip allows ac- 
curate calculation of the chart speed; the 
start pip allows calculation of time lapsed 
since the step-function injection. 


Injection System 

The tracer injection system consisted of 
a piston and cylinder driven by a geared- 
down variable-speed drive unit. The vari- 
able-speed drive was calibrated so that an 
accurately known volume of liquid was 
being delivered per unit of time for a 
given drive setting. The fluid from the 
cylinder could be delivered to either of 
two places, depending on the position of 
the solenoid-valve switch. The fluid could 
be fed back to the reservoir from which it 
originally came or to the injector head at 
the base of the test section. 

The injector head for the 4-in.—diameter 
test section had one-hundred _ fifty-six 
hypodermic needles (18 gauge) placed on 
a square lattice having 9/32-in. spacing. 
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Fig. 1. Schematic flow diagram. 


The head for the 2-in. test section had 
thirty-seven needles on the same arrange- 
ment. Calculations, which are described in 
detail elsewhere (1), showed that these 
injectors provide very nearly a plane source 
of tracer. At an axial distance of less than 
5 particle diam. from the needle tips, the 
ripple in the concentration contour map 
for that Z level was only 9% of the aver- 
age concentration. 

The solenoid-valve arrangement men- 
tioned above allowed a very sharp wave 
front of injectant to be sent into the test 
section or, conversely, the very rapid 
diversion of the injectant stream from the 
test section. This step-function property 
of the injection system allowed the use of 
the equations in the theory section for 
data analysis. 


Procedure 


During the time allowed for the fluidized 
bed to come to equilibrium the injector 
drive speed was determined in such a way 
that the linear injectant velocity at the 
needle tips was equal to the average main 
stream linear velocity (U./e). 

The injectant was fed into the test sec- 
tion until steady state was reached, as 
indicated by constant conductivity read- 
ings for all probes on the Visicorder. The 
amplifier gains were adjusted so that the 
traces on the chart were in certain relative 
positions that permitted each trace to be 
identified with the corresponding probe 
and probe position in the bed. The in- 
jectant stream was suddenly diverted from 
the column by activating the solenoid 
valve. At this same instant the start pip was 
electronically placed on the chart. The 
breakthrough curves for all the probes 
were traced to their final values, character- 
istic of tap water. The temperature of the 
water was recorded along with flow rate, 
injection rate, bed height and diameter, 
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Fig. 2. Block diagram for one channel. 


and weight, density, and diameter of the 
packing material. 

Similar data were collected for various 
flow rates (or fraction voids) for each of 
the particle sizes in both 4- and 2-in. test 
sections. 

REDUCTION OF DATA 

For convenience and speed in the 
reduction of data it is advantageous to 
use an expression of the form of Equa- 
tion (9). However from the raw data 
it is not possible to obtain the location 
of the point T/N = 1 without trial and 
error. For this reason it is convenient 
to take the slope of the breakthrough 
curve on the chart at some other point 
which can be located without trial and 
error; such a point is F = 1/2. 

Knowing the slope at the point F = 
1/2 one can calculate the slope at the 
point T/N = 1 by use of the deriva- 
tive of Equation (2) with respect to 
(T/N). For an assumed N the corre- 
sponding T for F = 1/2 may be cal- 
culated from Equation (3), and then 
these values of T and N are inserted 
into the derivative of Equation (2) 
with respect to (T/N). The value of 
the slope for (T/N) = 1 is obtained 
from Equation (7) for this same as- 


x esi 
| dx 1.02\ 


sumed N. The ratio of the two slopes 


is defined as 
(+) 
00 6=1 
(10) 


00 F=1/2 


Therefore (0F/00)o. may be obtained 
from (OF /00) pars. 

Since Equation (9) is only approxi- 
mate, it is desirable to have the rela- 
tionship between the exact Equation 
(7) and the approximate Equation 
(9). This relationship is given in the 


form 
oF 4 
00 a 
exp (2N) ] 
1,(2N) 2\/nN 
(11) 
which also defines a for the case T = 
N 


Since the electrical conductivity of 
the sodium nitrate solution is not ex- 


N = ( 


) 


06 6=1 
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Fig. 3. Longitudinal eddy-diffusivity profile, 2- 
in. tube. 


actly proportional to the concentration 
of the sodium nitrate, an additional 
correction factor is needed. The form 
of the empirical equation relating C to 
L is 

C= (12) 


The correction factor takes the form 


b-1 


(13) 


which is a weak function of tempera- 
ture. The final equation used in reduc- 
ing the data is 


(=) (=) )a (14) 


The term in the large brackets is (dF/ 
where T/N or [ (Ut) /Z]. 
The value of 1.02 is a correction factor 
for a slight nonlinearity in the Visi- 
corder which must be incorporated in 
the determination of the slope of the 
breakthrough curve. This nonlinearity 
however is negligible in determining 
the point F = 1/2. 

Equation (14) gives a rapid means 
for reducing data from the experi- 
mental step-function method. Details 
of its use and derivation have been 
previously presented, along with a plot 
of vs. (1). The 
line velocity is found from the break- 
through curve. Since for F = 1/2, 0 = 
U,t/Z ~ 1, U, = Z/t where ¢t corre- 
sponds to the point F = 1/2. The error 
in this assumption is usually less than 
1%. 


RESULTS 


As discussed previously (1,2), 
locity profiles in packed and fluidized 
beds tend not to be flat. In a liquid- 
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solid fluidized bed the velocity distri- 
bution deviates from flatness much 
more than does the distribution for 
packed beds; these nonflat velocity 
profiles give rise to the corresponding 
nonflat eddy-diffusivity profiles shown 
in Figures 4 and 5. 

The experiments described here in- 
dicate that under the conditions of 
greatest deviation from a flat velocity 
profile (+20%) the ratio of eddy dif- 
fusivities (E./E,) is about 20 to 380. 
The longitudinal concentration gradi- 
ents are one or two orders of magni- 
tude steeper than any radial gradients 
that could develop, and hence the rate 
of longitudinal mass transfer is much 
greater than the rate of radial mass 
transfer; the ratio of axial to radial 
tracer flux is estimated as being at 
least 10°. Thus the radial mass transfer 
is expected to have a negligible effect 
on the axial diffusivities reported here. 

Figure 3 presents a sample set of 
eddy-diffusivity profiles showing the 
data points. The scatter is representa- 
tive of the glass particle systems; the 
data for the lead particle systems 
scattered a little more. Figures 4 and 
5 present the results for the various 
studies in terms of the eddy diffusivity 
as calculated from the Peclet group E’ 
=(U.d,)/N>.’. The numbers in paren- 
theses near each curve give the frac- 
tion voids as calculated from the bed 
height, weight and density of particles, 
and bed diameter. Tabulations of the 
data from which the curves were 
drawn are available elsewhere (1). 

The left-hand portion of Figure 4 
indicates that the 1.3-mm.—diameter 
lead spheres in the 4-in. tube yield 
eddy-diffusivity profiles very similar in 
shape to the velocity profiles reported 
previously (2). The impression given 
by these profiles is that the eddy dif- 
fusivity is not a function of radial posi- 
tion. The two profiles which deviate 
most from being flat are at fraction 
voids very near to one another (0.510 
and 0.547). There is no special reason 
to believe that there is a sudden and 
extensive change in the eddy-diffusiv- 
ity profile in this short range of frac- 
tion voids. Taken together these two 
curves would predict a resultant flat 
profile, consistent with the rest of the 
set. The very small d,/D ratio (0.013) 
combined with the high particle-to- 
fluid density ratio (11.3) yields flat 
velocity profiles as well as flat eddy- 
diffusivity profiles. The eddy diffusiv- 
ity reaches a maximum in the vicinity 
of e = 0.66. 

The central portion of Figure 4 
shows that there is an influence due to 
the wall and the nonflat velocity pro- 
fle. When one starts with e = 0.400 
(packed bed), the eddy diffusivity in- 
creases as the wall is approached. The 
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Fig. 4. Longitudinal eddy-diffusivity profiles in fluidization, 4-in. tube. 


same is true for the velocity. This in- 
crease is undoubtedly due to a rise in 
the fraction voids as the wall is ap- 
proached. As the bed is expanded to 
incipient fluidization (« = 0.410), the 
eddy-diffusivity profile becomes flat 
(corresponding to a flat velocity pro- 
file), and as the bed finally fluidizes 
(« = 0.477), there develops a well- 
defined nonflat eddy-diffusivity pro- 


file with a maximum at the center. An 


at low fraction voids as those for the 
central portion for lead particles. How- 
ever since lower velocities are required 
for the fluidization of the glass, and 
lower scales of turbulence are expected, 
lower eddy-diffusivity values would be 
expected than for the corresponding 
fraction voids in the case of lead. The 
humps caused by the particle circula- 
tion patterns are more predominant in 
the case of the glass particles; this is 
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Fig. 5. Longitudinal eddy-diffusivity profiles in fluidization, 2-in. tube. 


increase in the bed expansion changes 
the particle circulation pattern, veloc- 
ity profile, scale and intensity of turbu- 
lence, and local fraction voids in such 
a manner that humps develop in the 
eddy-diffusivity profiles at « = 0.572 
and e = 0.668. 

The profiles in the right-hand portion 
of Figure 4 for glass particles of 3.2 
mm. show the same general behavior 


not surprising since the particle circu- 
lation is qualitatively different in the 
case of glass from that in the case of 
lead (1). 

The left-hand portion of Figure 5 
presents the results for the 1.3-mm. 
lead particles in the 2-in. test section 
at the corresponding distance from the 
injector in terms of Z/D. There are 
large deviations from flatness in the 
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very well with the central portion of 
Figure 4. Again a maximum in eddy 
diffusivity occurs corresponding to 
fraction voids of 0.6 or 0.7. 

The central portion of Figure 5, 
presenting results for 2.96-mm. lead 
spheres in the 2-in. test section, shows 
behavior similar to the other systems 
having comparable d,/D ratios for the 
same bead density. 

Finally the right-hand portion of 
Figure 5 shows the results for the 
3.2-mm. glass beads in the 2-in. test 
section. These results show similarities 
to those for the same type of packing 
in the larger tube in that the humps 
occur at the same distance from the 
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Fig. 9. Longitudinal eddy diffusivities in fluidization, glass 


wall in terms of the number of bead 
diameters from the wall. Generally the 
eddy diffusivity is lower in the smaller 
tube owing to the more restricted cir- 
culation of the beads in the smaller 
tube. 

To show the effects of fraction solids 
(1—e) on the Peclet group tm = 
(4mU,)/E], Figures 6 and 7 were pre- 
pared. The symbol m refers to the hy- 
draulic radius as extended by Wilhelm 
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spheres, d» = 3.196 mm. 


(17,21) and is defined as m = vol- 
ume of fluid/wetted area. If the char- 
acteristic length term is defined in this 
manner, the Peclet group may vary 
continuously from the packed-bed 
value, where m is determined primarily 
by the packing size to the open-tube 
value, where 4m is equal to the tube 
diameter. 

When one considers Figure 6, it is 
apparent that there is slightly better 
mixing (lower Peclet group) toward 
the center of the tube for given aver- 
age fraction voids. When compared 
with the fraction-voids effect, however, 
the effect of radial position is rather 
small in most cases, especially where 
p»/p, is large. The minimum in Np-'im, 
when present, occurs at « = 0.6, The 
effect of using 4m as a length term in 
Nee'cm tends to shift this minimum to 
the right, and if Np.” = (U.d,)/E’ 
were plotted against fraction solids, 
the minimum would occur at « = 0.7, 
where the corresponding minimum in 
radial Peclet group is situated (1). 

Figure 7 contains plots similar to 
those of Figure 6; however these are 
for the 2-in. test section. There is a 
very good correspondence between the 
central portion of Figure 6 and the 
left-hand portion of Figure 7, again 
bringing out the importance of the d,/ 
D ratio in determining the mixing be- 
havior in a fluidized bed. 

All open-tube values ) 
were obtained from Tichacek et al. 
(19) at velocities corresponding to the 
terminal velocity of the particle in 
question. The hydraulic radius is used 
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as the. characteristic length because it 
is easily calculated from readily avail- 
able data and provides a continuous 
function in going from the packed bed 
to the empty tube. 

For comparing and summarizing 
the mixing behavior of various systems 
one may turn to the theories of turbu- 
lent mixing to suggest the characteris- 
tic parameters for correlating eddy- 
diffusion coefficients. The Einstein 
statistical model shows that the long- 
itudinal eddy diffusivity is the product 
of a characteristic length term and a 
characteristic velocity term. Prausnitz 
(18), on the basis of a mixing-length 
model, comes to the same conclusion. 
The eddy diffusivity should therefore 
be expressed as a function of the prod- 
uct of a characteristic length term and 
a characteristic velocity term. The 
characteristic length term proposed 
here for simplicity is the hydraulic 
radius; the velocity term proposed is 
the line velocity discussed previously 
(1, 2, 3). 

Figures 8 and 9 show representative 
results for some of the systems studied, 
plotted in the manner suggested by the 
above discussion. The remainder of 
the results are available elsewhere (1). 
The results for some of the lead parti- 
cle systems as shown in Figure 8 in- 
dicate that there is a very rapid in- 
crease in the eddy diffusivity with in- 
crease in mU, just after fluidization 
has set in. At mU, values higher than 
those corresponding to fraction voids 
of about 0.7, there is a relatively small 
change in the eddy diffusivity for a 
given change in mU,, until the open- 
tube value is approached. For the d,/ 
D = 0.058 curve there is a wall effect 
in restricting the particle motion caus- 
ing the eddy diffusivity to be lower 
than that for the d,/D ratio of 0.013 
at the corresponding fraction voids (or 
corresponding mU,). 

Figure 9 shows similar results for 
the glass packing. There is a noticeable 
difference between Figures 8 and 9 in 
that the denser particles show a much 
more pronounced effect in increasing 
eddy diffusivity. For a d,/D ratio of 
0.063 and p, of 2.45 g./cc. the line 
joining the packed- and _ open-tube 
values shows very little curvature. For 
d,/D of 0.0315 the effect is increased 
somewhat but is not equivalent to that 
for lead packing for the same d,/D 
ratio. 


SUMMARY AND CONCLUSIONS 


The longitudinal mixing properties 
in liquid-solid fluidized beds were in- 
vestigated by means of a step function 
response technique. The longitudinal 
eddy diffusivities were determined for 
glass and lead particles in water at 
various d,/D ratios, fraction voids, and 
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radial positions at an axial level of 
about 5 bed diam. 

The experimental results show that 
the eddy diffusivity is strongly affected 
by the density and concentration of the 
particles in the fluidized beds. The 
mixing results are consistent with the 
fact that the fluidized bed may be con- 
sidered as a_ transition between a 
packed bed and an open tube. 


NOTATION 


a = constant in Equation (12) 

b = constant in Equation (12) 

C = salt concentration 

d, = packing-particle diameter 

D = test-section diameter 

E = eddy diffusivity (analogous 
to molecular diffusion con- 

based on 


stant), average 
velocity 

E’ = eddy diffusivity based on 
line velocity 

F = dimensionless concentration 
— 

E, = Bessel function of zero order 


and first kind of an imagi- 
nary argument 


E = conductance 

m = hydraulic radius = volume 
of fluid/wetted area 

N == dimensionless _ longitudinal 
distance = ZU/E 

p = probability density 

Np. = longitudinal Peclet number 
=U,d,/cE 

Np.’ = longitudinal Peclet number 
based on line velocity = 
U.d,/E’ 

Neem = longitudinal Peclet number 


based on average velocity 


and hydraulic radius = 
4mU,/Ee 
= longitudinal Peclet number 


based on line velocity and 
hydraulic radius = 4mU,/E’ 


r = radial position 

1, = radius of test section 

t = time 

t = dimensionless time variable 

Tr = dimensionless time unit = 
U*t/E 

T ? 

W — dimensionless time = Ut/Z 

U = characteristic fluid velocity 
(general) 

ye = line velocity of fluid = 1/Z 
f? U, dZ 

U; = superficial fluid velocity 
(based on open-tube cross 
section). 

U, = velocity of the fluid observed 
at a point 

V = voltage of signal to recorder 

x = distance on recorder chart 
parallel to time axis 

y = displacement of recorder 
trace from its no-signal posi- 
tion 
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= dimensionless _ longitudinal 
position 
Z = distance of observation point 


from injection plane 


Greek Letters 


a = correction factor = [2\/N 
I,(2N)]/[exp (2N)] for 

B = [ (OF /00) o-:)/[ (OF /08) 
= a correction factor 

A = over-all correction factor = 
B/a 

€ = fraction voids 

0 = dimensionless time = T/N 
= Ut/Z 

p = density, g./ce. 

Subscripts 

= value prevailing during 
steady state tracer injection 

f = fluid 

Pp = particle 

Superscripts 

‘(prime) = based on line velocity 
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Mechanism of Drying Thick Porous Bodies 


During the Falling-Rate Period: 
lll. Analytical Treatment of 


Macroporous Systems 


The analysis of a drying process re- 
quires a knowledge of the temperature 
of the material as a function of time 
and position. Previous work (1, 2) has 
shown the existence of a unique tem- 
perature obtained during the falling- 
rate period—the pseudo-wet-bulb tem- 
perature. 

Figure 1 represents a generalized 
time-temperature plot for a porous 
body being dried in air. The curve A’ 
B’ C’ represents the rate of drying; the 
other curves give the temperature dis- 
tribution. The portion A’ B’ of the rate- 
of-drying curve is the constant-rate 
period during which the temperature 
of the bed tends toward the wet-bulb 
temperature of the air. When the criti- 
cal moisture content is reached, that is 
point B’, the drying rate decreases and 
the liquid surface recedes below the 
surface of the bed. During the falling- 
rate period the temperature of the wet 
portion of the bed tends toward the 
pseudo-wet-bulb temperature. The 
curve DD’ portrays the temperature of 
the surface of the bed. Since the sur- 
face of the bed is dry at all times dur- 
ing the falling-rate period, its tempera- 
ture immediately tends to equal the 
temperature of the air. 

The curves DEE’ and DFF’ repre- 
sent the temperature histories of inter- 
nal points in the bed, showing how 
they first reach the pseudo-wet-bulb 
temperature and later, as the points 
pass into the dry portion, reach the air 
temperature. DGG’ is the curve repre- 
senting the temperature history of the 
bottom of the bed. When point G is 
reached, the bed is dry and all the 
temperature curves rise more sharply 
toward the air temperature, because 
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the heat entering the bed is manifest 
entirely as sensible heat, whereas be- 
fore dryness part of the heat went to 
supply the latent heat of vaporization. 
In part I (1) an implicit equation 
was presented for determining the 
pseudo-wet-bulb temperature: 


k. 


P w a 
= 2.88 X 10“(€D) ( Pe) 


(1) 


in consistent c.g.s. units when water 
was the drying liquid. 

In part II (2) it was shown that S, 
the pore liquid content or the degree 
to which pores are saturated with liq- 
uid in the wet portion, is not constant 
during the falling-rate period but de- 
creases with time. 

The intent of this paper is to show 
the generality of the pseudo-wet-bulb 
temperature, to present an_ explicit 


TEMPERATURE 


method of calculating the pseudo-wet- 
bulb temperature and the manner in 
which the bed rises to this new tem- 
perature, and finally to present equa- 
tions suitable for predicting the rate of 
drying and the drying curves. These 
analyses apply, strictly, only to systems 
with relatively large pores—textiles or 
particulate systems like sand—-since 
the exact behavior of gels and other 
collodial systems has not as yet been 
determined. 


APPARATUS 


The loop dryer was constructed of 
8-by 12-in. by 21-gauge steel duct and 
was covered with 1 in. of asbestos in- 
sulation. The sample pan was 6 by 2 in. 
long dimension in the air direction, and 
1-% in. deep. The pan was made from 
%-in. plywood and lined with polyethylene 
and epoxy resins to make it waterproof. 
Throughout the pan were located ten 
thermocouples at various depths. 

The material that was dried was silica 
sand of — 16 + 20 mesh. The effective 
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Fig. 1. Generalized time-temperature record. 
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thermal . conductivity of the sand was 
determined to be 0.1645 Btu/(hr.)ft? 
(°F./ft.), and the void fraction was 
found to be 0.45. 
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Fig. 2. Pseudo-wet-bulb temperature as a func- 
tion of dimensionless groups. 
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Fig. 3. Pseudo-wet-bulb temperature as a func- 
tion of air temperature. 


CALCULATION OF PSEUDO-WET-BULB 
TEMPERATURE 


The drying of a wet material will be 
considered to have proceeded well into 
the falling-rate period and the evapora- 
tion to be taking place from a liquid 
surface well within the material. The 
liquid surface is a distance x from the 
surface of the bed, and the differential 
layer of bed just above the liquid sur- 
face through which must pass the en- 
tire heat required to vaporize the liq- 
uid will be considered. Hence 


dt 
dx do 
The rate of evaporation is assumed 
to be controlled by vapor diffusion. 
Then 


Apwo (2) 


(3) 


(cD) x is the vapor diffusion coeffi- 
cient at the temperature of the liquid 
surface corrected for the presence of 
the solid (assumed to have zero diffu- 
sion) by the void fraction e. 

The shapes of temperature and con- 
centration curves are usually similar, 
and so it can be assumed that 


dt dC 
dx dx 

(4) 

x x 

and from the ideal gas law 

_ (5) 


Substituting Equations (3), (4), and 
(5) into Equation (2) yields 


ke(ta—tpwr) = 1.285 X 107 
M, [ Pa 


(eD) T T | (6) 


where R = 1.98 B.t.u./(Ib.-mole) 
(°F.). Equation (6) can be rearranged 
to read 


= 1+ 1.285 x 10° 


[ D pwd ty pwd Pa | 
| 

The pseudo-wet-bulb temperature 
was calculated by means of Equation 
(6) for runs in which wool, terylene 
(British form of a polyester fiber), and 
sand were dried. In addition to drying 
water from all the materials, the eth- 
anol-sand system was used for some 
runs. 

The results were then plotted in the 
manner suggested by Equation (7) in 
Figure 2. A straight line was fitted 


through the points. The line of the 
form of Equation (7) is 


a 


= 1.0185 + 1.111 x 10° 


= 
[ = | [e] (8) 


Equation (7) is also shown in Figure 
2. 

The solution of Equation (8) for 
Tw» still involves a trial-and-error pro- 
cedure, since T,,.. appears on both 
sides of the equation. Since Equation 
(8) is dimensionally correct, the ratio 
T./T pw» was calculated evaluating the 
properties of the liquid at the air tem- 
perature. These results are shown in 
Figure 3, which may be used to give 
Tw» for the system directly from a 
knowledge of the air temperature and 
humidity. Thus the need for a trial- 
and-error method of calculating Tp.» 
is eliminated. 


THE APPROACH TO 
PSUEDO-WET-BULB TEMPERATURE 


With the pseudo-wet-bulb tempera- 
ture rendered predictable, it is next 
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necessary to describe the manner in 
which the bed approaches the pseudo- 
wet-bulb temperature once the critical 
moisture content is reached, that is 
point B’ on Figure 1. Figure 1 suggests 
a first-order response to a step function 
of a resistance-capacitance complex. In 
other words the bed is behaving as if 
it were suddenly immersed, when it is 
at t~», into a bath at t,.,. To simplify 
the analysis a flat bed will be assumed; 
for cylindrical or spherical bodies more 
complicated geometrical factors enter. 

The wet portion of the bed is as- 
sume to be immersed in a virtual bath 
at the pseudo-wet-bulb temperature. 
(The excess temperature t,—t,.» goes 
toward evaporating the liquid.) Then 
the sensible heat of the bed is given by 


Ag op 
(tpwo—t) = V pcp 3 (9) 
and the boundary condition at 
t = te, ato =0 (9a) 


The solution to (9 and 9a) is known 
to be (3) 

= pRy (10) 


tw b 


? = 0 at critical moisture content 
One defines 


(L Xo 
Ry = (11) 
k 
and then 
L’pcp 
T = 
k 
k.+e€S.k, 


or in terms of the critical moisture con- 
tent Equation (12) may be expressed 
as 


L 


(L—x.)*| (1—e) + wl L 


The temperature driving force for 
conduction through the dry portion of 
the bed is then given by 


(t,—t) (ta—tpwo) + (tpwo—two ) ee 
(14) 
It is interesting to note that the rise 
from initial temperature to wet-bulb 


temperature at the beginning is given 
by the same 7 value by the equation 


t= t. + (two—te) (15) 


LIQUID DISTRIBUTION 


In order to derive a rate of drying 
equation, it is further necessary to 
know the location of the liquid surface 
as a function of time. Again only flat 
beds will be analyzed: 


dt ) ( dw ) 
( dx dé 
(16) 
Assuming a linear temperature gradi- 
ent through the dry portion of the bed, 
one can use (At/Ax) for (dt/dx) and 
Ax = — x. Thus 
—k, (ta—tpwo) (typwo—twr) 
dw 


x= 


(17) 


As the liquid evaporates, two events 
take place: the surface of the liquid 
recedes into the bed, and the thickness 
of the liquid film covering the pore 
walls decreases. Thus very complex 
hydrodynamic and thermal forces come 
into play, resulting in complicated 
flows. An approximate but empirical 
solution was attained as follows. Ex- 
perimental values of @ and dw/d@ were 
substituted into Equation (17) im 


| 


L B 
L—x, PL 
Hence 
t = turn + (tpwo—twr) (18) 


Equation (13) is compared with an 
experimental run in Figure 4. 


TABLE 1 
Experi- Calculated 

mental W. We _System 

4 0.040 0.023 Sand, water 

5 0.034 0.028 Sand, water 

6 0.052 0.036 Sand, water 
12 0.030 0.026 Sand, water 
13 0.033 0.033 Sand, water 
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(12a) 


order to determine the nature of w = 
#(x) function. The results suggested, 
for a flat bed, a cosine relationship: 


w 
)=2( = (18) 
W, L—x, 
Equation (18) and some experimental 
points are presented in Figure 5. x, 


in Equation (18) is obtained from 
Equation (17) by setting @ = 0. 


THE DRYING-RATE CURVE 


Since At = and x = are 
known, it is possible to write the dry- 
ing rate equation. It is assumed that all 
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Fig. 9. Moisture-content ys. time curve. 


faces except those for the drying sur- 
face of the bed are adiabatic, the area 
for heat transfer in the dry portion of 
the bed is equal to the area for mass 
transfer, and (dt)/(dx) = (At)/(Ax) 
in the dry portion of the bed. In view 
of these assumptions Equation (16) 
may be written as 


(16a) 


Substituting Equations (14) and (18) 
into Equation (16a), one obtains 


—k, 
(ta—tpwo) | dé 


L+x, L—x, w 
+ cos = | dw 
W, 


Equation (19) rearranges to give the 
drying rate explicitly: 

dw —2k, 


(ta—tywo) + 


(L+x.) + (L—x,) cos 


Figure 6 shows a comparison of Equa- 
tion (20) with some experimental 
data. 

On the basis that dw/d@ at time 
zero for the falling-rate period equals 
that for the constant-rate period, which 
can be independently evaluated, x, can 
be calculated from Equation (17) by 
setting @= 0. Thus 


—k, 
( ) (21) 


Awol ps (2) 


THE MOISTURE-CONTENT VS. 
TIME CURVE 


The drying curve which gives the 
moisture content at different times is 
obtained by integration of Equation 
(20) with the limits of 0 to @ on dé 
and w, to w on dw. The resulting 
equation is 
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k, 


In order to ease the use of Equation 
(22) it has been reduced to a graphi- 
cal solution: 


A 


(24) 


t, w b 


Substituting Equations (23), (24), 
and (25) into Equation (22) and re- 
arranging, one gets 


_ — 
Art (tpwo—two) T 

(26) 
and 
(——) (0-2) 
= 
Ww. 


w 
y Ww. 


Equation (27) is plotted in Figure 7 
as a family of curves, X/L vs. w/w. 
with x,/L as the parameter. Equation 
(26) is plotted in Figure 8 as a family 
of curves 0/7 vs. ] 
with B as the parameter. To use Fig- 
ures 7 and 8, one enters Figure 7 at a 
predetermined value of x,/L and w/w. 
and reads X/L. X/L is then multiplied 
by the group L/[Ar(t,«»—tw»)] and 
entered into Figure 8 at the proper 
value of B; a value of 6/7 is obtained. 
+ is defined by Equation (12). Thus 
with a knowledge of ta, tw», tow», Wes 
(dw/d@)cr. and the thermal proper- 
ties of bed and fluid, it is possible to 
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calculate the drying curve. Figure 9 
compares Equation (22) with experi- 
mental data. 


DISCUSSION 


The equations developed appear to 
define the drying process fairly well in 
spite of one arbitrary function imposed 
on the equations. This simplifying ar- 
bitrary function was imposed because 
a complete a priori derivation would 
demand the formulation of the laws of 
the fluid dynamics of nonisothermal 


| (ta—tywo) + (tows —tws) |- 


(22) 


J} 


flow through porous media. The pres- 
ent analysis was limited to heat and 
mass transfer considerations in the in- 
terests of simplicity. Hence a cosine 
function was adopted to describe the 
flow of the liquid inside the bed. 

w. is generally defined as the mois- 
ture content obtained by extrapolating 
the constant-rate curve and the falling- 
rate curve (4,5). The calculated 
values of w. were obtained by choos- 
ing the best values of w. in Equation 
(22) which gave agreement between 
the calculated and the experimental 
time to dryness. The calculated and 
experimental values of w. for some 
runs are shown in Table 1. 


SUMMARY 


The pseudo-wet-bulb temperature is 
found to exist in particulate as well as 
in fibrous materials. The equations for 
predicting the pseudo-wet-bulb tem- 
perature are the same, and its calcula- 
tion is rendered explicit by the pres- 
entation of a chart. 

An equation for the drying rate as 
a function of time is derived: 


dw —2k, 
do 


(ta—ty wo) + (tpwr—twr ‘ 


w 
w 


(L4X,) + ( 


This is integrated to give the equation 
for the moisture content as a function 
of time: 


e 


ALp.W.. 


+ 
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e for 
(14) 
e rise 
-bulb 
given 
ion 
(15) 
irying 
ry to 
irface 
y flat 
w ) 
= AL 
gradi- Ax dé 
bed, (23) 
2 Ww. 
(a w ) 
(19) sin (25) 
w= 
ested, 
: 
nental 
rom ——_— 
|- 
2 Ww, 


(S*)sin( 2) ] 
on sin 
Finally, to facilitate the use of this 
equation it is reduced to a graphical 
solution. 


NOTATION 


parameter defined by Equa- 
tion (23) 


A, = heat transfer area, sq. ft. 

Au = mass transfer area, sq. ft. 

B = parameter defined by Equa- 
tion (24) 
C = vapor concentration, lb./cu. ft. 
Cr = specific heat at constant pres- 
sure, B.t.u./ (Ib.) (°F.) 
D = volumetric diffusivity, sq. ft./ 
hr. 

k, = effective thermal conductivi 
of solid, _B.t.u./ (hr.) (ft.) 
(°F.) 

k, = thermal conductivity of liquid, 
B.t.u./ (hr.) (ft.) (°F.) 

L = total depth of bed, ft. 

M, = molecular weight of liquid 

P = vapor pressure, lb./sq. in. 

p = partial pressure, Ib./sq. in. 

R = universal gas constant, B.t.u./ 


lb. mole °F. 


Ry = resistance to heat transfer, sq. 

ft. hr. °F./B.t.u. 
= pore liquid content or satura- 

tion, cu. ft. liquid/cu. ft. of 
void space in wet portion of 
bed 

T= absolute temperature, °R. 

t |= temperature, °F. 

V == bed volume, cu. ft. 

W = total weight of bed, lb. 

w = free moisture content, Ib. liq- 
uid/Ib. bed 

x = depth of liquid surface from 
bed surface, ft. 

X = parameter defined by Equa- 


tion (25) 


Greek Letters 


€ = void fraction, volume voids/ 


volume bed 


h = latent heat of vaporization, 
B.t.u./Ib. 

pe = density of dry bed, lb./cu. ft. 

p. = density of liquid, lb./cu. ft. 

T = time constant for the system, 
hr. 

Subscripts 

o = property evaluated at initial 


bed temperature 


wb = property evaluated at wet-bulb 
temperature of the air 

pwb = property evaluated at pseudo- 
wet-bulb temperature 

a = property evaluated at air tem- 
perature 

c = indicates the property value 
at critical moisture content 

C.R. = property evaluated at the con- 
stant rate of drying condition 

Superscripts 

— = average property for entire 
bed 
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Mass Transfer in Laminar—Boundary-Layer 


Flows with Finite Interfacial Velocities 


Asymptotic expressions are presented in this paper for the mass transfer Nusselt number in 
both forced- and free-conyection laminar-boundary-layer flows with large interfacial velocities 
directed toward the surface. The analysis is valid for arbitrary surface geometries and includes 
transfer in a variable properties fluid. It is shown, in addition, how these asymptotic formulas 
may be used in conjunction with the Nusselt number for zero interfacial velocities to estimate 
the rate of mass transfer for the intermediate regions. 


In mass transfer operations the sur- 
face past which the fluid moves has the 
additional property of acting as a source 
or a sink of material to the flowing 
stream. Strictly speaking, therefore, 
mass and heat transfer are not com- 
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pletely analogous phenomena, even 
under seemingly identical flow config- 
urations; in the formal case the inter- 
facial velocity is usually finite, rather 
than identically zero, owing to the 
material exchange on the surface. In 
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particular, the breakdown of the anal- 
ogy between mass and heat transfer is 
most pronounced when the mole frac- 
tion of the diffusing species is almost 
zero near the surface and almost unity 
in the main stream (or vice versa), 
for then the normal component of the 
hydrodynamic velocity at the surface is 
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no longer negligible and must be in- 
cluded in the analysis. 

Therefore, owing to the importance 
of mass transfer in a great many opera- 
tions—adsorption, sweat cooling, het- 
erogeneous catalysis, to name but a 
few—it is of some interest to examine 
under what conditions the rate of mass 
transfer is affected by the finite inter- 
facial velocity at the surface and how 
this effect can be predicted in those 
cases Where it appears to be of import- 
ance. 

The purpose of this article is then to 
attempt to answer these questions rigor- 
ously. The analysis will be limited to 
forced- and free-convection mass trans- 
fer in boundary-layer flows, under iso- 
thermal conditions, where the inter- 
facial velocity is directed toward the 
surface. Further studies dealing with 
other aspects of this general problem 
will be considered in the future. 


BASIC EQUATIONS FOR FORCED 
CONVECTION 


For the flow of a mixture containing 
an inert and the diffusing component 
past the arbitrary two-dimensional sur- 
face of Figure 1, the problem is how 
to predict the rate of transfer of the 
diffusing substance from the bulk of 
the fluid to the surface, with which it 
may react. It will be shown below that 
for hydrodynamic conditions of the so- 
called “laminar—boundary-layer” type a 
simple solution to the problem may be 
obtained. 

This phenomenen is governed by the 
basic laws of fluid mechanics, the 
Navier-Stokes and continuity equations, 
and in addition by the diffusion equa- 
tion for convective mass transfer. This 
paper will deal only with laminar sys- 
tems for which the standard boundary- 
layer simplifications (5,2,3)may be 
used. The basic equations are therefore 
the momentum balance 


du, du, dU, Ou, 
Uy 
dx, dy, "dx, dy? 
(1) 


the mass balance 


Ou, Ov, 


= 2 
Ox, (2) 


and the diffusion equation 
00 00 1 0°0 


Uy = 8 
ay: (3) 


where, for the moment, constant fluid 
properties have been assumed. 

This system of equations is subject 
to the boundary conditions: 


At = 0, = 0, 
(4a) 
At = 0, = @=1 
(4b) 
At x, = 0 U,, 6=1 
(4c) 
a 0 n ( 00 ) 
Ns. \ 
(4d) 
where 
Ww.—w, 
n = ———— (for mass transfer into 
1—W, 


the surface W, < W., and _ therefore 
0<n< 1) 


The last restriction is obtained from the 
realization that the transfer rate of the 
inert into the surface is zero (1, 3,7). 

It is precisely this last boundary con- 
dition, Equation (4d), which is re- 
sponsible for the breakdown of the 
analogy between heat and gas-phase 
mass transfer. When n-> 0, v, = 0 at 
the surface, and the velocity distribu- 
tion may be calculated independently 
of the diffusion equation, which is of 
course what may be done for heat 
transfer in a constant properties fluid. 


< 
FORCE OF GRAVITY 


Fig. 1. The position directions of the coordinates x and y, the velocities 
u and vy, and the angle ¢. 
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It is clear, however, that when n is ap- 
preciably different from zero, the 
momentum and diffusion equations are 
coupled and cannot, be solved inde- 
pendently of one another. In particular, 
if one recalls how difficult it is to cal- 
culate the velocity and the concentra- 
tion distributions past a surface with a 
negligible interfacial velocity, it is rather 
surprising indeed that, when n— 1, the 
present problem may be solved in a 
closed form for an arbitrary surface 
geometry. 

A rigorous solution of Equations (1) 
to (4) is of course in general an im- 
possible task. Exact analytic solutions 
are hard to come by unless one is deal- 
ing with wedgelike surfaces for which 
the standard similarity transformations 
of boundary-layer theory may be ap- 
plied. On the other hand, approximate 
momentum integral methods, the von 
Karman-Pohlhausen technique for ex- 
ample, are cumbersome to use and may 
be inaccurate. A different approach is 
therefore needed. 

It should be realized at this point 
now that the complete solution of 
Equations (1) to (4) is of little inter- 
est. What is required is not the cora- 
plete velocity and mass fraction pro- 
files but an expression for the local rate 
of mass transfer into the surface as a 
function of the parameters of the sys- 
tem: Nz, Ns-, n, and the surface geom- 
etry. This is normally accomplished by 
relating the Nusselt number to the 
above-mentioned variables, where 


(5) 


and since it is clear from Equations (1) 
to (4) that the quantity (00/dy:) 1-0 
is a function only of x, n, and Ns, for 
a given surface, 


-= F n) (6) 


What happens to the function F as 
n— 0 will not be considered here. This 
is the classical problem of mass trans- 
fer with zero interfacial velocity which 
has been studied in great detail by 
many investigators. Considerable in- 
formation exists therefore about F (Ns-, 
x,,0) for various surface geometries, 
and a fair number of reliable approxi- 
mate methods have been proposed for 
predicting this function. 

It is clear then that since the be- 
havior of F for n> 0 may be assumed 
to be known, what is primarily needed 
is its asymptotic form for n> 1. For it 
is found from experience with analo- 
gous physical setups that if the behavior 
of a phenomenon can be predicted 
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FROM EQUATION (14) 
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Fig. 2. Mass transfer for flow past a flat plate. . 
Fig. 3. Mass transfer for stagnation flow. 
under the asymptotic conditions where n 2U’, f 
a certain characteristic dimensionless Atn=90 F=—-@, F’=0, 06=0 ° U.dx 
i 


group of the system may take on ex- 
treme values (very large or very small), 
it is a relatively easy matter to describe 
the process for intermediate values of 
this dimensionless group by the use of 
an interpolation formula. One is led to 
believe therefore that if the limiting 
form of F(Ns,,x:,n) for n> 1 were to 
be discovered, a simple interpolation 
between its two asymptotes would 
yield a reliable estimate of this function 
for all values of n. Experience has 
taught the author that this approach is 
far quicker, and the results thus ob- 
tained are at least as accurate as those 
arrived at by momentum _ integral 
methods. 


ASYMPTOTIC SOLUTION FOR FORCED 
CONVECTION AS n > 1 


Constant property fluids 

Equations (1) to (4) admit of a 
simple solution when the parameter n 
is near unity. Following a_ well- 
established tradition, one begins by at- 
tempting to discover a similarity trans- 
formation which will reduce the partial 
differential equations into ordinary 
differential equations. This can fortun- 
ately be accomplished without too 
much difficulty. 


Let 
u, = U,(x,)F’(m) and @ = @() (5) 
where 
(6) 
V2 dx 


which when substituted into the origi- 
nal equations reduce them to 
F” + FF" = [(F’)? 
Uidx (Ta) 
and 


6” + = 0 (7b) 


with the boundary conditions 
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Se 


(8) 
Atn=o F’=1, 


At this point, one readily perceives 
from Equation (7a) that, strictly speak- 
ing, similarity solutions for the original 
system of equations which would also 
satisfy all the imposed boundary con- 
ditions cannot generally be obtained 
unless the surface geometry is such that 
0. 
a condition which is satisfied only if 
U, is of the form 


U,dx = a constant for all x, 


m 


$= 


This, as is well known (5), is the 
potential flow distribution past a wedge, 
and therefore similarity solutions for 
arbitrary values of n exist only for the 
wedge type of flow. The author will 
presently show, however, that as n= 1, 
the right-hand side of Equation (7a) 
may be neglected and the similarity 
transformation given by Equation (6) 
may be applied to any surface geom- 
etry. 

Physical intuition suggests now that 
as n> 1 the thickness of the boundary 
layer will become vanishingly small 
and the rate of mass transfer, propor- 
tional to 6’ at the surface, will increase 
beyond bound. Therefore let 


( = =b (9) 
dy 
where b > « as n> 1, and define 
z=bn (10a) 
nb 1 
+7 (10b) 
0 = 0(z) (10c) 


which, when substituted into Equations 
(7), becomes 


n 1 
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J 


> O0asb> (11a) 
and 
0” +N =o (11b) 
Se Nae b 


with the boundary conditions 


Atz=0 ¢=0, =0, 6=0, 
(12) 
Atz=od=1, 6=1 


Two things are immediately apparent: 
(1) as n> 1, and therefore b> o, the 
similarity transformation given by Equa- 
tion (6) does indeed apply to surfaces 
of arbitrary geometry, since the right- 
hand side of Equation (11a) vanishes 
in the limit, and (2) the solution of 
Equations (11) and (12) is a classical 
eigenvalue problem for the unknown 
quantity b. 

It can be shown now by direct inte- 
gration, with careful use made of the 
fact that b >> 1, that 


V 


and therefore 


U, 

Nyu 
(1+Nsc) 
{1+ O0(1—n)} (13) 


as n> 1 for arbitrary two-dimensional 
surfaces. An identical result, restricted 
however to a flat-plate geometry with 
U.= 1, was arrived at by Spalding 
(7)by means of a momentum-integral 
method. 

As was pointed out earlier, Equations 
(1) to (4) may be reduced by a sim- 
ilarity transformation for all values of n 
only when the surface geometry 1s 
wedgelike. The resulting ordinary dif- 
ferential equations have been solved 
numerically for the velocity distribu- 
tion past two simple surfaces, the flat 
plate and the stagnation region, when 
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the normal interfacial-velocity com- 
ponent is specified a priori (6,4). The 
corresponding mass transfer problem 
has however not been worked out in 
such detail except for Schmidt num- 
bers of 0.7 and 1.0 (2). Figures 2 and 
3 show how the exact values for Ny,/ 
VNee compare with the asymptotic 
formula, Equation (13), for the flow 
past a flat plate and in the stagnation 
region for Ns. = 1. The curves labeled 
exact have been drawn on the basis of 
the numerical calculations of Schlicht- 
ing and Bussman (6) and Emmons 
and Leigh (4) for the flat plate and 
those of Eckert and Hartnett (2) for 
the stagnation flow. A surprising result 
is that even for n = 0 the asymptotic 
expression is not too badly in error, 
24% for the stagnation flow and 51% 
for the flat plate, which suggests that 
a simple interpolation formula be- 
tween the two asymptotes, n = 0 and 
n> 1, could be used for the whole 
range. As can be seen from Figures 2 
and 3 the expression 


(14) 


is in excellent agreement with the ex- 
act results for both the flat plate and 
the stagnation flow, and it is suggested 
therefore that Equation (14) be used 
for all surface geometries. (Nxu), is the 
Nusselt number in the absence of an 
interfacial velocity (n = 0); (Nyu), is 
given by Equation (13). 
Variable property fluids 

The analysis has dealt so far with a 
constant property fluid. For many 
physical systems however this may 
introduce a considerable error in the 
results, especially in the case where 
W,<<W,, and n> 1 owing to the 
large difference in the composition be- 
tween the bulk and the region near the 
surface. This section, then, shows how 
problems involving a variable prop- 
erty fluid may be attacked. 

The mass density p and the viscosity 
» are undoubtedly the properties most 
sensitive to composition; the coefficient 
of ordinary diffusion D is, to a first ap- 
proximation, independent of composi- 
tion. The following analysis will how- 
ever be made as general as possible. 
The basic equations are (3) 


| Ou, Ou, | du, 
uy v1: —— | = 


0 0 
— +—— = 90 (16) 
Ox, 


Vol. 6, No. 3 


) an 
Nse 
with 
nD’, ( 00 ) , 0 
v, = — —\| —} aty,= 
Nse 


where the symbols have the same 
meaning as before, except that the 
fluid properties are divided by their 
value in the bulk. Thus 


Vo 
Ne = = 
Vo 
D 
Px 


and D’, is the value of D’ at the sur- 
face. The discussion will be limited to 
the case where n—> 1, since it is be- 
Jieved that once the asymptotic ex- 
pression for the Nusselt number has 
been calculated, the complete solution 
may again be approximated by Equa- 
tion (14) with satisfactory accuracy. 

Once more, the transformation given 
by Equations (5) and (6) may be used 
to reduce the equations in the limit as 
n> 1. It is easy to show that the ex- 
pressions corresponding to Equations 
(11) become 


d ( ) n 


and 


d dé n 
“(so 


dx 
(18) 


atz = 0 
atz = © 


This system may be solved in the limit 
n— 1 by the following simple scheme. 
Equation (19) is first rearranged, after 
a transformation of variables from z to 
@, into 


However as n> 1 (b> «&) 


p’sD’s 
— 
Nac 
dé 
(21) 


where 

D’p’ de 
= , , , 
D’,p’, (1—e) 


(21a) 


and the eigenvalue problem, Equation 
(20), can therefore be solved by 
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quadratures, since one of the bound- 
ary conditions requires that 


—- O0asé@-1 
dz 


The generalization to Equation (13) is 
then 


U, 
(D'p'.) 
| p’ sD’ sw 


Nse 


JS l—e do 


(22) 


where D’, p’, and yp’ are known func- 
tions of 0. 


ASYMPTOTIC SOLUTION FOR FREE 
CONVECTION AS n > 1 


In free convection fluid motion is 
caused by the buoyancy forces and 
obeys, again for laminar—boundary- 
layer flows under isothermal conditions, 
the basic equations 


OUz 4 
u 
OYs 
= (1—6)G(x.) +—> (283) 
0 Ov, 
= (24) 
Ox dy: 
00 00 1 
Uu, —— + v, —— = —— (25) 
OX» dy: Ns- oy. 


The boundary conditions are as before: 


At y, = 0, u. = 0,6 = 0, 


At x. = 0 as well as 


Y2= = 0,0=1 
(26) 
It is again possible to arrive at an 
asymptotic solution for n> 1 and for 
an arbitrary surface geometry. Let 


( 3 ysG* 


4 1/2 1/3 
= F’(n) ( V 
(28) 


which transforms the original equations 
into 


\% 
+ FF” + (1-6) (Fy =) 1/2 


qe dx 
G du 


(29) 


(27) 


3 
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dé 
| 
| | 
11a) 
(12) 
rent: 
, the 
qua- 
faces 
ight- 
ishes 
f do | dé 
=} p—dz| —=0 (19 
n 00 
and v, = — 
Nse 
p IN ge Ne. sPe 
d 20 
de 
and 
v0, 
= 
| — 


and 
0” + Ns, Fd’ = 0 


with the boundary conditions 


(30) 


n 
At yn = 0, F = —@’, = 0,6=0 
Aty= 0,F’'=0,0=1 
(31) 


It is now obvious from Equation (29) 
that a similarity transformation cannot, 
strictly speaking, be assumed unless 
the surface geometry is such that 
d 
dx. V 


constant for all x, which is possible 
only if G(x.) is of the form 


G (x2) x.” 


It will be shown, however, that the 
transformation given by Equation (27) 
will apply to any surface as long as 
1. Let 


) 
(= 


where b, > o as n> 1, and define 


(32) 


= bin (33a) 
n $: (21) 
F= b, 83b 
Nse ( ) 
d= 0 (21) (38c) 
Therefore 
n 
Nse 
=O (—) > Oasn>1 (84) 
and 
+N ]e=o (35) 
LN Se New 


with the boundary conditions 
At 7=0, 6. = ¢,=0, 0=0,0°=1 


One then is dealing again with an 
eigenvalue problem, which fortunately 
may be solved by direct integration. 
Thus in the limit as n> 1 


1/4 
b,> | 
2(1—n)[1+N;.] 


N [ 3 
8(1—n) 1+4+Ns. 


G's 
{1+ 0 (1—n)} (36) 


It can also be shown that under similar 
conditions the asymptotic form of the 


Nusselt number for a variable property 
fluid is 
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8(1—n) 
: 4 1)’ 
(37) 
(D’.p's)” 
where 
p’sD’s 
Z Noe 
sPs 
p’sD’s 
= (w—2x) 

Ns. 
e Z(x)dx 

de 

= 0 , , , 
ps (1—e) 
and 
9(w) D’ 
Z(o) =,) do; 
D’.p’. 


Again p’, D’, yw’, and f’ are the ap- 
propriate fluid properties divided by 
their value in the bulk. 

Interestingly enough, the asymptotic 
expression for the Nusselt number, 
Equation (36), seems to hold with 
fair accuracy even for n ~ 0, exactly as 
was the case with the analogous forced- 
convection formula, Equation (13). 
For the vertical flat plate, for example, 
G(x.) = 1, and 


N 
= 0.401 for n = Oand Ns. = 1 


from reference 5 as compared with 
0.66, which is predicted from Equa- 
tion (86). 


CONCLUSIONS 


Asymptotic expressions were de- 
veloped in this paper for the mass 
transfer Nusseit number in both forced- 
and free-convection laminar—boundary- 
layer flows with large interfacial veloci- 
ties directed toward the surface. The 
analysis is valid for arbitrary surface 
geometries and includes transfer in a 
variable property fluid. It was shown 
in addition how these asymptotic for- 
mulas may be used in conjunction with 
the Nusselt number for zero interfacial 
velocities to estimate the rate of mass 
transfer for the intermediate regions. 

The present development holds how- 
ever, only for laminar—boundary-layer 
flows. This requires that in free con- 
vection Ng, >> 1, and in forced con- 
vection Nz. >> 1; also, since it is as- 
sumed that the velocity distribution in 
the boundary layer does not affect the 
potential flow solution, it requires that 


1 
( 1—n) 


which may be satisfied if Nz. is large 
enough. 
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NOTATION 


D = diffusion coefficient 

L = characteristic length of the 
surface 

u = x component of the velocity 
vector 

Uy = u/U, 

Us = uL/v (1/Ne,)*” 

U., | = characteristic velocity of the 
bulk 

U,; = potential flow distribution 


outside the boundary layer, 
divided by U, 


v = y component of the velocity 
vector 

v1 = v/U., VNre 

«<4 

x = distance along the surface 
from the leading edge 

Cit: = 

y = distance along the surface 
from the leading edge 

Yr = y/L V/Nr 

Ye = y/L (Ne-)™* 

Ww = weight fraction of the diffus- 


ing species 
W.,W. = weight fraction respectively 
at the surface and in the bulk 


Ne, = Grashof number, 

Ny. = Nusselt number, — L(d6/ 
dy) y-0 

Nee = Reynolds number, U.L/» 

= Schmidt Number, v/D 

Greek Letters 

B = expansion coefficient for the 


fluid which is defined by p./p 
= 1 + (W.—W.) 
W—W,/W.—W, 

kinematic viscosity 

mass density of the fluid 
viscosity 


v 
Pp 
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Liquid Viscosities Above the Normal Boiling 
Point for Methane, Ethane, Propane, 


and n-Butane 


G. W. SWIFT, JOHN LOHRENZ, and FRED KURATA 


Viscosities, obtained with a falling-cylinder viscometer, are presented for liquid methane, 
ethane, and propane from their normal boiling points to their critical points and for n-butane 
from its normal boiling point to 100°C. The data of this study are compared with those 


of other investigators. 


The experimental viscosities of this study are correlated within + 5% over the reduced- 
temperature range from 0.65 to 0.95 by means of a modified Smith-Brown correlation. The 
Grunberg-Nissan equation for estimating the critical viscosity was tested with the experimentally 
determined critical viscosities of this study and was found satisfactory. 


The importance of accurate viscosity 
data to the chemical engineer cannot 
be overemphasized. A knowledge of 
viscosity and its variation with tem- 
perature and pressure is required for 
the solution of many of the problems 
that confront him, fer example heat 
transfer, mass transfer, and fluid flow. 
A study of the literature on viscosity 
will show that no systematic approach 
has been formulated for the collection 
of these data. 

One reason for this lack appears to 
be caused by the limitations of the in- 
struments used to measure viscosity. 
Instruments which give good results 
for gas viscosity, for example the 
Rankine viscometer, are often unsuited 
for liquid-viscosity measurement. In- 
struments which employ mercury drives 
are restricted to temperatures above 
the freezing point of mercury. The 
rolling ball viscometer is severely 
handicapped in regions where turbu- 
lent flow exists. 

The problem of evaluating and cor- 
relating gas and liquid viscosities of a 
single substance over the range of tem- 
perature and pressure of interest is 
compounded when the data are not 
internally consistent. Thus it would be 
desirable to obtain all the pertinent 
data with one viscometer. 

In the present research the materials 
investigated were methane, ethane, 
propane, and n-butane, and the falling- 
cylinder viscometer apparatus was de- 
veloped to meet the needs of this re- 


_G. W. Swift is now with the Continental Oil 
Company, Ponca City, Oklahoma. 
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search because it has the following 
advantages: 


1. The design and construction of 
the falling-cylinder viscometer are 
simple. 

2. It can be used at extremes of 
temperature and pressure. 

3. The motion of the cylinder can 
be controlled to eliminate the undesir- 
able components, for example spin and 
fishtailing. 

4. Calibration is relatively simple. 

5. All ranges of viscosity can be de- 
termined by using a series of bodies 
with different dimensions. 

Since it has been shown that the 
falling-cylinder viscometer can meas- 
ure fluid viscosities accurately, this in- 
strument offers a method of determin- 
ing internally consistent data for sub- 
stances (in the gas or liquid phase) 
over wide ranges of temperature, 
pressure, and viscosity. This equipment 
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can also be used to measure volumetric 
behavior concurrently with viscosity 
measurements. 


EXPERIMENTAL APPARATUS 


An article by Swift, Christy, Heckes, 
and Kurata (21) describes the basic ex- 
perimental apparatus used in this investi- 
gation. Recent improvements in tempera- 
ture control, viscometer falling-body de- 
sign, and timing are discussed in detail 
by Swift (20). 

Temperature in the viscometer bath 
was controlleed to within + 0.01 °C. and 
was measured with a platinum resistance 
thermometer. The average uncertainty of 
temperature measurement was estimated 
to be + 0.01°C. Experimental fall times 
were measured to four significant figures 
with a digital time-interval meter. A mean _ 
fall time was computed from ten consecu- 
tive experimental fall times at a given 
temperature and pressure. Percentage er- 
ror for mean fall time, computed statisti- 
cally for 98% probability, was about 
0.1% on the average. Pressure was meas- 
ured with a 0 to 2,000 lb./sq. in. Bourdon 
gauge with an uncertainty of + 1 lb./sq. 
in. 


EXPERIMENTAL RESULTS 


Values of the viscosities of the dif- 
ferent substances used for calibration 


TABLE 1. PERCENTAGE OF ERRORS FOR THE VISCOMETER CALIBRATION DaTA 


Error in Bo, 
laminar 
region®, % 


Float 
number 


GCL-301 0.27 
GCLO-304 0.76 
MgSLO-303 0.49 
MgSLO-305 0.21 
MgSLO-307 0.63 
MgSLO-309 0.93 


Maximum Average 
error in Bo, error in Bo, 
turbulent turbulent 


region, % region, % 


° Computed for 98% probability with ¢ statistic used. 
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3.85 1.48 
1.72 0.74 
3.20 1.20 
2.00 1.08 
2.39 1.09 
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Fig. 1. Schematic drawing of falling bodies. 


of the viscometer were taken from Ros- 
sini (14); Comings, Mayland, and 
Egly (3); and Michels and Gibson 
(12). Liquid densities, vapor pres- 
sures, and _ critical properties were 
taken from Rossini (14); Matthews 
and Hurd (11); Barkelew, Valentine, 
and Hurd (1); Hanson (8); Deschner 
and Brown (4); Kay (9); and Eilerts, 
et al. (5). 

Six viscometer falling bodies were 
used in this investigation. Two of these 
were fabricated from glass, the others 
from magnesium. The glass bodies 
were cylindrical with streamlined ends; 
the magnesium bodies were true cy- 
linders. All the bodies were equipped 
with projections at either end to stabi- 
lize the motion of the bodies in the 
viscometer tube. Figure 1 shows 
sketches of the two types of falling 
cylinders used. Each body was identi- 
fied by the following code system: 


G = material of construction, glass 

Mg = material of construction, 
magnesium 

C= closed or hollow construction 

S = solid construction 

L = lugs or projections on the 
body 

O = oriented 


The three-digit number following 
the code group represents the diameter 
of the body in thousandths of an inch. 
(The internal diameter of the visco- 
meter tube was 0.315 in.) 

The viscometer was calibrated to ac- 
count for the effects of temperature 
and turbulence. A linear coefficient of 
temperature for the viscometer con- 
stant was determined for each falling 
body. The effect of pressure on vis- 
cometer calibration was checked for 
MgSLO-309 and found to change the 
calibration constant by 2 to 3% at 
1,000 Ib./sq. in. abs. It was impossible 
to separate the effect of pressure from 
the turbulence effect for the other fall- 
ing bodies; thus no correction for pres- 
sure effect on the calibration constant 
was made, since approximate methods 
for determining the pressure effect 
might compound an error of 2 to 3%, 
rather than correct it. The complete 
calibration procedure is discussed by 
Swift (20). 

The accuracy of the calibration plots 
is given by the data of Table 1. Even 
in the region of turbulent flow the 
errors are quite low. 

Phillips pure grade (99 mole % 
minimum) methane, propane, and _ n- 
butane and Phillips research grade 


TABLE 2. Purtry ANALYSES FOR THE METHANE, ETHANE, PROPANE, AND 
n-BUTANE USED IN THIS INVESTIGATION 


MOoLeE % 
He Ne CH, C.He C,H. C;Hs n-C,Hio 
Methane 0.06 0.95 98.99 
Ethane 0.09 99.91 
Propane 0.08 0.62 0.11 99.19 
n-Butane 0.80 1.33 97.87 
Page 416 A.1.Ch.E. Journal 


(99.9 mole % minimum) ethane were 
used. Analyses by mass spectrometer 
made on these materials are given in 
Table 2. 

Liquid viscosities were determined 
for methane, ethane, and propane over 
their respective temperature ranges 
from normal boiling point to critical 
point and for n-butane from below its 
normal boiling point to 100°C. 

The computations for viscosity were 
made by the viscometric equation: 


(1) 


The original calibration plots of the 
type used by Sage and Lacey (16) 
were constructed on a scale such that 
four significant figures could be read 
for 8, for all bodies except MgSLO- 
307, where it was possible to read only 


TABLE 3. EXPERIMENTAL 
ViscosITIEs OF LIQUIDS 


Tempera- Pressure, Viscosity, 
ture, °C. lb./sq.in.abs. centipoise 
Methane 
-140 85 0.0742 
600 0.0762 
-120 195 0.0531 
600 0.0544 
-100 400 0.0376 
600 0.0396 
-90 540 0.0301 
600 0.0303 
-85 630 0.0262 
-82.2 675 0.015 
Ethane 
-80 25 0.147 
600 0.149 
-60 65 0.119 
600 0.121 
-40 115 0.0959 
-20 230 0.0755 
600 0.0786 
0 370 0.0580 
595 0.0604 
20 565 0.0418 
600 0.0428 
25 625 0.0370 
30 695 0.0327 
32.3 716 0.0306 
Propane 
-30 50 0.173 
-20 50 0.157 
60 0.159 
0 100 0.124 
20 150 0.105 
600 0.110 
40 245 0.0819 
600 0.0881 
60 330 0.0649 
600 0.0694 
80 475 0.0481 
600 0.0511 
90 545 0.0404 
96.8 620 0.022 
n-Butane 
20 45 0.164 
40 65 0.136 
60 110 0.113 
80 160 0.0950 
100 250 0.0787 
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Fig. 2. Experimental viscosities of liquid methane, ethane, pro- 


pane, and n-butane. 


three significant figures. The solution 
for viscosity in cases where turbulent 
flow existed was of a_ trial-and-error 
nature, since the viscosity had to be 
assumed before 8, could be deter- 
mined. The solution converged rapidly 
however, and two, or at most three, 
trials were necessary to compute vis- 
cosity. 

Some of the experimental data are 
tabulated in Table 3.* In the tabulated 
data the average value for viscosity for 
each temperature and pressure is re- 
ported. As this value was computed 
from experimental values determined 
by two or more falling bodies, bias 
from improper calibration of any one 
body is minimized. The precision of 
the experimental results, reported as 
average maximum error, was + 4.0% 
for methane, + 2.1% for ethane, 
+ 2.5% for propane, and + 2.4% for 
n-butane. 

Figure 2 gives a plot of viscosity as 
a function of temperature. The ex- 
perimental data points are shown for 
each body on the saturated liquid 
curves. The data points which define 
the 600 Ib./sq. in. abs. curves for 
methane, ethane, and propane were 
omitted to preserve the clarity of the 
plot. 

The viscosity decreases quite rapidly 
with increasing temperature in the im- 
mediate vicinity of the critical point. 


* Tabular material has been deposited as docu- 
ment No. 6267 with the American Documenta- 
tion Institute, Photoduplication Service, Library 
of Congress, Washington 25, D. C., and may be 
obtained for $3.75 for photoprints or $2.00 for 
o-mm. microfilm. 
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Thus it is difficult to obtain accurate 
viscosity data in this region. This situ- 
ation is aggravated by the sensitivity 
of the liquid phase to temperature and 
pressure in this region. In this investi- 
gation critical viscosities for methane 
and propane were obtained at the re- 
spective temperatures and _ pressures 
which gave the critical phenomena of 
opalescence. In the case of ethane the 


f (Tr) 


Fig. 3. Correlation for saturated-liquid normal paraffins. 


critical viscosity reported was _inter- 
polated from the data of a temperature 
traverse through the critical region. 


COMPARISON OF 
EXPERIMENTAL DATA 


An extensive survey of the literature 
was made for the purpose of compar- 
ing data. Table 4 lists data source, 
method, and approximate deviation of 
results of the different investigators. 

The comparison of the experimental 
data strongly illustrates the need for a 
consistent set of viscosity data. The 
data of this study are consistent, and 
furthermore the agreement with the 


TABLE 4. RESULTS OF LITERATURE SURVEY 


Source Compound 
(2) Propane 
(6) Methane 

Ethane 
(10) Propane 
n-Butane 
(13) Methane 
(14) Ethane 
Propane 
n-Butane 
(15) Methane 
(16) Propane 
(17) n-Butane 
(18) Propane 
(19) Propane 
(22) Methane 
Propane 
(23) Propane 
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Approximate 
deviation from 


Method this study 
Rolling ball 3% higher 
Oscillating disk 20 to 25% higher 
From 17% lower at 
low temperatures to 
20% higher at high 
temperatures 
Capillary 4 to 5% higher 
4to 5% higher 
Capillary 10 to 15% higher 
Compilation Less than 1% higher 


Oscillating disk 


4% higher 
2% higher 
20 to 25% higher 


Rolling ball 2% higher 

Rolling ball + 2% 

Rolling ball 4% higher 

Capillary Less than + 1% 

Falling cylinder 6% lower 
10 to 12% higher at 
intermediate tempera- 
tures; + 2% at 
higher temperatures 

Falling cylinder High-pressure 


data only; not 
directly comparable 
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data of Rossini (14) and Starling, 
Eakin, and Ellington (19) is good. In 
view of the precision of the data of 
this study, agreement with the data of 
all investigators save Pavlovich and 
Timrot (13); Gerf and Galkov (6); 
Rudenko (15); and Swift, Christy, and 
Kurata (22) is reasonable. The dis- 
agreement with the data of Swift, 
Christy, and Kurata is believed to be 
caused by improper low-temperature 
calibration on the part of those in- 
vestigators. No explanation can be of- 
fered for the lack of agreement of the 
other data. 


CORRELATION 


A study of the literature was made 
to determine whether any satisfactory 
correlations had been made for satu- 
rated liquid hydrocarbons above their 
normal boiling points. A correlation by 
Smith and Brown (18) seemed most 
suitable. They plotted 


Pz vs. Te 
VM 


The purpose of the term P.,2,/P, was 
to adjust all ordinate values to the 
common pressure basis of reference 
substance x. Data for saturated n-pen- 
tane and n-hexane were correlated by 
Smith and Brown for reduced tem- 
peratures up to 0.93. 

The data of the present study were 
plotted in like manner and were 
fairly well correlated up to reduced 
temperatures of 0.8. For higher re- 
duced temperatures the data scattered, 
but the data for each homologue fol- 
lowed an internally consistent trend. 
This behavior indicated that some cor- 
relation parameter, which was in effect 
primarily in the high reduced-tempera- 
ture region, was not being considered. 
The inclusion of p./p in the ordinate 
group was found to correct the data 
scattering in the high reduced-tempera- 
ture region. 

The correlation presented graph- 
ically in Figure 3 is based upon the 
following equation: 

f 


Pr (10°) = af (Tz) 
p 
(2) 


For any T;, f(T2) is represented by 
the curved line in Figure 3. To use the 
correlation, compute the reduced tem- 
perature and locate it on the right- 
hand ordinate scale. Draw a horizontal 
line through this value of T, to inter- 
sect the T, vs. f(Tz) curve. The inter- 
section on this curve defines the cor- 
rect f{(T;). Move vertically to the line 
representing Equation (2) and read 
the left-hand ordinate at the point of 
intersection. The saturated viscosity 
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can then be computed, with P..., P. 
p, p, and M known. 

The accuracy of the correlation is 
dependent upon the selection of criti- 
cal constants. To obtain best results the 
values for T., P., and p. given by Eil- 
erts et al. (5) and used in this study 
are recommended. 

The correlation is based on ethane 
as reference substance x. Smoothed 
data of this study and the compilation 
of Rossini (14) were used to construct 
Figure 3. Saturation pressures corre- 
sponding to actual temperatures were 
used. 

The correlation predicts saturated 
liquid viscosities for normal paraffins 
from methane to n-octane within + 5% 
over the reduced-temperature range 
from 0.65 to 0.95. The values com- 
puted from the Smith-Brown correla- 
tion for methane, ethane, propane, and 
n-butane at a T, of 0.90 disagree with 
the experimental data of this study by 
as much as 80%. 

A reduced temperature of 0.65 cor- 
responds roughly to the normal boiling 
point for most paraffins and thus poses 
no restriction on the value of the cor- 
relation, since experimental viscosities 
for all paraffins are available at tem- 
peratures up to the normal boiling 
point (14). On the other hand the 
region of reduced temperature from 
0.95 to 1.0 could be of considerable 
interest, and little experimental data 
are available in this region. Thus a 
method for extrapolating viscosity data 
in this region is required. 

Grunberg and Nissan (7) proposed 
the following equation for the compu- 
tation of critical viscosity: 


(3) 


For the purposes of this discussion K 
will be defined in terms of Equation 
(3), where p, is in grams per cubic 
centimeter, T, in Kelvin degrees, and 
wz. in centipoise. K was computed for 
methane, ethane, and propane, with 
the experimental critical viscosities of 
this study (Table 3) used. The calcu- 
lated values for K were Kyethane = 
0.00575, Ketnane = 0.00552, and 
Kyropane = 0.00580. The average value 
for K, with equal weight given to each 
of the three compounds was: Ky, = 
0.00569. 

By means of K,,,, the critical viscos- 
ities for straight-chain paraffins from 
C, through C, were calculated. As 
Grunberg and Nissan predicted, the 
computed critical values for n-butane 
through n-octane were constant at 
(0.023 centipoise with the exception of 
n-heptane, which had a computed 
critical viscosity of 0.024 centipoise. 

When one assumes that the calcu- 
lated values for critical viscosities are 
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reasonable, saturated liquid viscosities 
in the region of reduced temperature 


for T,’s from 0.95 to 1.00 can be map. ) 


ped using values from Figure 3 up to 
T, = 0.95 and then extrapolating to 
the calculated critical viscosity. 


CONCLUSIONS 


1. The experimental apparatus used 
in this investigation employed a falling 
cylinder as a relative means of deter- 
mining gas and liquid viscosities. The 
apparatus was operated within the 
temperature range from —185° to 
100°C. and at pressures up to 1,000 
Ib./sq. in. abs. The performance of the 
falling cylinder was superior to the 
falling- or rolling-ball type of viscom- 
eter. Temperature was controlled and 
measured to within + 0.01°C., pres- 
sure was measured to within + 1 bb./ 
sq. in., and fall times as low as 0.01 
sec. were measured with a_ precision 
of + 0.1%. 

2. Experimental viscosity data were 
presented for liquid methane, ethane, 
and propane from their respective 
normal boiling points to their critical 
points, and for n-butane from its nor- 
mal boiling point to 100°C. 

3. Experimental values were deter- 
mined for the critical viscosities of 
methane and propane, and the critical 
viscosity of ethane was estimated by 
interpolation. 

4. The experimental data were cor- 
related within + 5% by a modified 
version of the Smith-Brown correlation 
for saturated hydrocarbon liquids over 
the reduced temperature range from 
0.65 to 0.95. Estimates of saturated 
liquid viscosities for other normal 
paraffins can be made from this corre- 
lation. 

5. The Grunberg-Nissan equation 
for estimating critical viscosities was 
tested with the experimentally deter- 
mined values of critical viscosity for 
methane, ethane, and propane. The 
results may be used to estimate viscos- 
ities in the reduced temperature range 
from 0.95 to 1.00. 
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NOTATION 
a = slope of Equation (2) 
f(Tx) = function of the reduced tem- 


perature in Equation (2) 
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K = universal constant in Equa- 
tion (3) 

M = molecular weight 

P = pressure, Ib./sq. in. abs. 

P. = critical pressure, Ib./sq. in. 
abs. 

Pz) = critical pressure of reference 
substance x, lb./sq. in. abs. 

P, == reduced pressure, dimension- 
less 

1p = critical temperature, °K. 

ip = reduced temperature, dimen- 


sionless 
- temperature, °C. 


Greek Letters 


|= viscometer constant at tem- 
perature and pressure, sq. 
cm./ sec.” 

B. = viscometer constant corrected 
to 0°C. and 0 pressure, sq. 
cm./sec.” 

6 = fall time interval, sec. 

Mm = absolute viscosity, poise 

p = density of fluid, g./cc. 

Pe = critical density of fluid, g./ 
ce. 

v = density of the falling body, 
g./cc. 
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Suspension of Slurries by Mechanical Mixers 


JOEL WEISMAN and L. E. EFFERDING 


Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 


The production of essentially homogeneous slurries involves both initial solids suspension and 
expansion of the particle bed to fill the container. When geometry and solids concentration are 


held constant, both phenomena are found to be controlled by similar di 


less grouping 


of power per unit volume, density, and relative velocity between the fluid and particle. 
The dimensionless group applicable to bed expansion is shown to be consistent with hydro- 
dynamic theory. Design equations for use with the paddle type of impeller are presented. 


Slurries have recently been used in 
an increasing number of industrial sit- 
uations. An application of major inter- 
est is the proposed use of an aqueous 
thoria-urania slurry as a nuclear reactor 
fuel. Solving the problems associated 
with the use of this fuel in a large-sized 
power plant has been the subject of an 
extensive research and development 
program (7, 8). 

Maintenance of an essentially homo- 
geneous suspension is one of the prime 


Tabular material has been deposited as docu- 
ment No. 6268 with the American Documenta- 
tion Institute, Photoduplication Service, Library 
of Congress, Washington 25, D. C., and may be 
obtained for $2.50 for photoprints or $1.75 for 
35-mm. microfilm. 
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requisites for successful operation of a 
slurry-fueled nuclear power plant. 
Therefore as part of the development 
program the problems of slurry suspen- 
sion were investigated in several types 
of equipment. The mixing studies re- 
ported in this paper were one aspect 
of this investigation. The specific ob- 
jectives of these mixing experiments 
were to determine for the turbulent 
region the factors controlling the pro- 
duction of essentially homogeneous 
suspensions of solid particles by me- 
chanical mixers and to obtain the in- 
formation necessary for the design of 
large mixers suitable for use in plant- 
sized slurry storage tanks. 
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PREVIOUS STUDIES ON SLURRY 
AGITATION 


Hixson and co-workers (3 to 6) in 
an extensive study of the agitation of 
slurries of soluble salts determined 
mass transfer coefficients as a function 
of mixing Reynolds number and system 
geometry. 

White, Summerford, et al. (14, 15) 
and Raghavendra and Mukherji (11) 
studied the distribution of sand in un- 
baffled tanks using paddle agitators. 
White et al. found that with coarsely 
sized material the fines were suspended 
but the large particles remained at the 
tank bottom. Later studies with more 
closely sized material of various sizes 
(0.14 to 0.42 mm.) showed that it was 
not possible to achieve complete sus- 
pension of all the sand particles in 
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sion 


their system. They concluded that in 
an unbaffled system the vortex estab- 
lished at high speeds produces cen- 
trifugal forces which are sufficiently 
strong to combat the forces tending to 
produce a more uniform concentration. 

The mixing of dilute suspensions of 
insoluble solids in highly viscous 
liquids was investigated by Hirsekorn 
and Miller (2). The particle size, 
liquid viscosity, and tank diameter 
were simultaneously varied so that 
both the mixing Reynolds number and 
particle settling rate were maintained 
approximately constant. The minimum 
power to achieve suspension was de- 
fined as the power input when all par- 
ticles were lifted from the bottom of 
the tank. The authors’ results can be 
expressed as 


(P./V.) (d/D) = constant (1) 


It was noticed that just as complete 
suspension was obtained, the portion 
of the liquid nearest the surface was 
devoid of solids. The material below 
the slurry-fluid interface was however 
essentially uniform in concentration. 

Zwietering (16) reported the results 
of an extensive investigation of stirrer 
speeds and dimensions required to 
suspend various slurries. He considered 
only the question of suspension and 
reported no quantitative information 
on the degree of homogeneity of the 
mixture. Zwietering did note that with 
rapidly settling particles just at their 
suspension point a layer of clean liquid 
exists adjacent to the surface. The in- 
vestigation included studies with pad- 
dles, turbines, vaned disks, and pro- 
pellers. When one uses Hirsekorn and 
Miller's (2) suspension criterion (no 
particles remaining on tank bottom), 
the conditions required for suspension 
could be correlated by 


Nd* 
v8"? (gAp/p, 
= F [(D/d) (a/D)] (2) 


The effect of D/d and D/a were pre- 
sented graphically for each of the im- 
peller types studied. For paddle type 
of impellers the dimensionless charac- 
terization group s increased with in- 
creasing values of D/d and a/D. 

In studies of the rate of solution of 
salt crystals in an agitated tank Kneule 
(9) found that applied power inputs 
beyond those required just to suspend 
the particles had little effect on the 
rate of mass transfer. If the notation of 
Zwietering (16) is used to facilitate 
comparison, the suspension-power cor- 
relation presented by Kneule can be 
written as 


c= 


B““V, [g(Ap) 
P,g.pi” 


A 


(3) 
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Values of A were not presented by 
Kneule. The correlations of Rushton 
et al. (12) show that the mixing power 
is given by 

P = N, pn N*d'/g, (4) 
Since for a given geometry N, is a con- 


stant in the fully turbulent region, one 
can rewrite Equation (3) as 


D 
d 


If one notes that for most of the sys- 
tems tested p, does not differ greatly 
from p., the marked similarity of Equa- 
tions (2) and (5) is evident. 

It is pointed out in the work of 
Hirsekorn and Miller (2) that the sus- 


(5) 


> BAFFLES 
UQUID LEVEL 
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Fig. 1. Mixing-tank arrangements. 


pension of particulate solids involves 
two distinct problems: the initial sus- 
pension of the particles and the com- 
plete dispersion of the already sus- 
pended solids. At the beginning of 
this investigation the literature data 
on the former problem were not in 
complete agreement, and there was es- 
sentially no information applicable to 
the latter problem in the fully turbu- 
lent region. 


EXPERIMENTAL APPARATUS 
AND MATERIALS 


Methods of producing slurry sus- 
pensions by rotating mixers were studied 
in transparent cylindrical tanks having 
diameters of 54%, 93% and 11% in. Figure 
1 shows the arrangement of both single 
and multiple impeller systems. Each tank 
was fitted with four baffles extending to 
the tank bottom and having a baffle width 
to tank diameter ratio of 1/12. The tanks 
were mounted so that mixing phenomena 
might be observed visually through the 
walls and bottom of the vessel. In all 
cases studied, six-bladed paddle-type im- 
pellers with a width-to-diameter ratio of 
Y% were used. The impellers were 2, 3, 
and 4 in. in diameter. The mixing vessels 
were mounted in an adjustable frame so 
that the impeller height above the vessel 
bottom might be varied. 

A ¥%-hp. variable-speed motor was sus- 
pended vertically above the vessel by 
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means of a thin wire. Lateral motion was 
restricted by a loosely fitted radial ball 
bearing. The power imput to the vessel 
was computed from measurement of the 
shaft torque and speed. Torque values 
were obtained from a calibrated spring 
scale of appropriate range acting upon a 
2-in. lever arm. Speed measurements were 
obtained from an electronic frequency 
meter with a photoelectric pickup. An 
aluminum disk, integral with the motor 
chuck and painted in alternate dark and 
light bands, served as an intermittent re- 
flector for the photoelectric pickup. Dur- 
ing the course of the experiments the 
impeller power requirements varied from 
0.001 to 0.17 hp., and impeller speeds 
ranged from 200 to 2,200 rev./min. It is 
estimated that the maximum error in the 
computed power was less than 10%. 

The mixing studies were conducted 
with aqueous slurries of thorium oxide 
and both aqueous and nonaqueous slurries 
of spherical glass beads. A series of Tyler 
sieves were used to determine the average 
diameter of both sizes of glass beads 
which were studied. All particles of the 
small-size beads were between 37 and 53 
uw in diameter. The average diameter was 
therefore taken as 454. The large-sized 
glass beads were found to have the fol- 
lowing size distributions: 


Diameter range, Weight, % 
88 — 125 6.4 
125 — 147 9.3 
— 63.2 
100.0 


Microscopic examination of the particles 
above 177 » showed them to have an 
average diameter of about 185 4. The 
average diameter of the large-sized beads 
was taken as 


By use of the mean diameter in each size 
range and the relative number of parti- 
cles in each range Save was computed as 
140 

The hindered settling rates of slurries 
of both the large and small beads were 
measured as a function of concentration. 
At any given concentration the ratio of 
settling rates was found to be in agree- 
ment with the ratio of the squares of the 
average particle diameters. This was 
taken as a good indication that the com- 
putations had given the correct relative 
values of the average diameters. 

The problem of the determination of 
the average diameter (or free settling 
rate) of the thoria particles is more com- 
plex. Although the thoria is composed of 
very small particles (all under 4 x, most 
under 1 ), these particles agglomerate 
to form relatively large flocs. The mixing 
studies are concerned with the behavior 
of the flocs rather than the individual 
particles. Andreasen pipette measurements 
(without a dispersant) indicated the free 
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Fig. 2. Effect of concentration on height of the slurry interface. 


settling rate of the flocs to be of the order 
of 2 mm./sec. However with such a rapid 
settling rate the Andreasen pipette meas- 
urements are not accurate. The technique 
of using a substance such as glycerin to 
reduce the settling rate was not applicable 
in this case since another liquid would 
have changed the degree of flocculation. 
It will subsequently be shown that use of 
2 mm./sec. for the free settling rate to- 
gether with the assumption that the thoria 
flocs are half water allows the thoria data 
to be related to those obtained with glass 
beads. Additional support for this assump- 
tion is given by the work of Taylor and 
Biancheria (1,13) in the correlation of 
room-temperature hindered settling rates 
with settled bed densities. They found 
that use of a 2 mm./sec. free settling rate 
and a 50% particle porosity in their 
equations resulted in a good correlation of 
the data for the thoria used in the present 
study. 


DISPERSION OF AQUEOUS SLURRIES 
IN THE TURBULENT REGION 


The first problem studied was that 
of dispersing already suspended solids 
throughout the vessel volume. Zwieter- 
ing’s (16) and Hirsekorn and Miller's 
(2) observations that areas devoid of 
solids may exist adjacent to the air- 
liquid interface although all particles 
are suspended were confirmed, and a 
range of power inputs was found for 
which no particles remain on the tank 
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Fig. 3. 


bottom but a definite slurry-water in- 
terface exists. As the power input is 
increased, the interface rises until the 
slurry finally occupies the entire tank. 
The variation in concentration with 
distance below the interface was in- 
vestigated by measuring the change in 
pressure with liquid depth at a number 
of positions. The measurements were 
made with manometer dip tubes and 
a sensitive differential pressure cell 
with a porous-tipped probe. The por- 
ous tip served to exclude slurry from 
the instrument lead line. The pressure 
cell was capable of detecting a pres- 
sure differential equivalent to a con- 
centration change of 40 g./liter persist- 
ing for a depth of 1 in. Velocity-head 
effects were eliminated by making 
measurements during and immediately 
after mixing. Provided that no particles 
remained on the tank bottom, no de- 
parture from the linear relationship be- 
tween pressure and depth was observed 
except in the immediate vicinity of the 
slurry-water interface. Once all solids 
are suspended, the slurry concentration, 
averaged across any plane parallel to 
the tank bottom, appears to be essen- 
tially uniform below the slurry inter- 
face. (It should be noted that the 
measurement technique used would 
not detect local concentration varia- 
tions such as might occur adjacent to 
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Effect of particle size on power requirements and 


height of the slurry interface. 


the impeller, impeller shaft, or vessel 
walls.) It was therefore concluded 
that the height of the slurry-water in- 
terface could be used as an index of 
the degree of slurry dispersion. 

Most of the data reported in this 
paper were obtained with the total 
liquid height 1.4 times the tank diam- 
eter. However a number of runs were 
made in which the liquid depth was 
varied from 1 to 2 tank diam. The in- 
terface location and impeller power 
requirements were found to be inde- 
pendent of the liquid level above the 
interface. 

The slurry-water interface was more 
clearly defined with increasing solids 
concentration and with a decreasing 
variation in particle size. In the turbu- 
lent region interface height determina- 
tions at solids concentrations below 
100 g./liter were not reproducible and 
were therefore omitted from the pres- 
ent study. 

The initial dispersion studies were 
carried out with glass-bead—water slur- 
ries by means of single impellers placed 
one-half an impeller diameter above 
the tank bottom. Reynolds numbers 
(Nd’p./u.) varied from about 2 x 
to 2 x 10°. These tests established that 
the power input increases exponentially 
with the height of the slurry interface 
above the impeller midplane. It was 
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also found that at a given interface 
height the impeller power increases 
with increasing solids concentration. 
That this effect is not simply a matter 
of increasing mixture density is shown 
in Figure 2, where the interface height 
is plotted against (g.-P)/(gpm). It was 
found that the power varies directly 
with the volume fraction of solids to 
the 2/3 power [(l—e)**]. The same 
variation was noted with the thoria 
slurries when (1—e) was computed on 
the basis that the thoria flocs are half 
water. Application of the solids-frac- 
tion correction to a typical set of data 
is shown in Figure 3. This plot also 
shows the effect of particle size on 
power requirements. At a given inter- 
face level the data for the two particle 
sizes differ by a factor approximately 
equal to that of the ratio of the free- 
settling velocities of the particles. 

The effects of both tank size and the 
ratio of impeller diameter to tank 
diameter were also evaluated. For geo- 
metrically similar systems compared at 
the same value of h/D the power re- 
quirements were found to be directly 
proportional to the vessel volume. For 
values of d/D between 0.176 and 0.426 
it was found that the power per unit 
volume required to maintain the inter- 
face at a given value of h/D varied 
inversely with (d/D)'”. 

It was found that for a given system 
the interface height increases by 25 to 
35% if the baffles are lifted from the 
bottom by a distance equal to % an 
impeller diameter. Thus a vessel baf- 
fled to the bottom is less efficient in 
terms of the power requirement to ex- 
pand a bed. This aspect of mixing was 
not pursued further because of the 
limited time available for this study. 
All curves and equations presented in 
this paper are based on the case where 
the baflles extend to the tank bottom. 


ANALYSIS OF THE BEHAVIOR 
OF THE SLURRY INTERFACE 


The experimental observations lead 
to the conclusion that the degree of 
mixing decreases with increasing dis- 
tance from the impeller. It would seem 
reasonable to suppose that the region 
of the slurry-water interface is quies- 
cent and therefore that laminar flow 
conditions prevail. In addition, at the 
slurry-water interface the suspending 
and settling forces must be in equilib- 
rium. Making the above assumptions 
and noting that the particles just at 
the interface must be in a low concen- 
tration region, one can mathematically 
analyze the behavior of these particles. 
In so doing, the authors shall essen- 
tially follow the treatment developed 
by Langevin (10) for the analysis of 


Brownian motion. 
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For the interface region the partial 
differential equation describing the 
motion of a single particle in the ver- 
tical direction may be written as 


Multiplying through by x and manipu- 
lating to incorporate x° as the depend- 
ent variable leads to 


m m 
2 g. 2g. \ dt 


) (8) 


If one applies this to the behavior of 
an average particle, the last term be- 
comes zero owing to the random varia- 
tion of collision forces and _ particle 
displacements. Equation (8) then be- 
comes 


“ax 
(9) 
Ze ot 


where the bar denotes averaged con- 
ditions. The last term of Equation (9) 
represents twice the vertical compo- 
nent of the average kinetic energy of a 
particle. By replacing (m/g.) [(dx)/ 
(dt) ]° by 2E, and noting that at equi- 
librium conditions t may be considered 
to be infinite, one may integrate Equa- 
tion (9) to obtain 


oF, 
Ax’ = t 


(10) 


where Ax is the average vertical dis- 
placement of a particle in the time 
interval t. If one now evaluates the 
friction factor in terms of Stokes’s free- 
settling velocity, he obtains 


4 g. E, 0, 
t 
V,(Ap) 


Division by ¢ and replacement of E,/t 
by p’/3 (this assumes the y and z 
components of kinetic energy of the 
particle are equal to the x component) 
yields 


(Ax)? = (11) 


3 g V,(Ap) 


(12) 


The term (Ax)*/#* is the square of the 
average velocity of a particle. Since 
the particle is in equilibrium at the 
slurry-liquid interface, the average 
velocity of a particle must be equal to 
the gravitational settling _ velocity. 
Therefore 

3g V, (Ap), 
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(13) 


It is now necessary to relate p’ to 
the power input of the impeller. It has 
been shown by a number of investiga- 
tions (12) of the fully turbulent region, 
and borne out by the data obtained in 
this study, that for a given system and 
impeller speed the power input of the 
impeller is directly proportional to the 
mixture density. Hence the ratio of the 
power required to agitate the slurry 
mixture to that required to agitate the 
suspending medium is given by 


(14) 


It seems reasonable to conclude that 
the difference between P and P, is the 
total power input to the solid particles: 


Ap 


m 


(i—~) 


If one designates the average power 
input to an individual particle as pu4, 
then 


V, P (Ap) 
Povo = 


16 
V(1—e) V pm 


For agitation in geometrically similar 
systems the ratio p’/porg may be ex- 
pected to be a function of h/D, (1—e), 
and the mixing Reynolds number. How- 
ever since in the fully turbulent region 
the Reynolds number does not affect 
the power number, it seems reasonable 
that for this restricted case Nx. will 
not affect p’/pury. Therefore 


p’ = Pay F (1—e) F’ (h/D) 


(1—e) F’ (h/D) 
Pm (17) 


Substitution of the value of p’ from 
Equation (13) and_ rearrangement 
gives 


ZpmV0, 
(18) 


CORRELATION OF INTERFACE 
BEHAVIOR AT MIXING REYNOLDS 
NUMBER IN THE TURBULENT 
REGION 


The previously cited experimental 
data show that the power requirements 
in geometrically similar systems vary 
directly with (1—e)** and exponen- 
tially with h/D. Inserting these func- 
tions explicitly in Equation (18) gives 


(h/D) = K,In 


If one extends the above equation to 
include the effect of varying impeller- 
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diameter—to—tank-diameter ratios, one 
has 


(h/D) = [ 
(1—e)-** (d/D)” | + (20) 


Figure 4 shows the data for aqueous 
slurries agitated by a single impeller 
when correlated in this fashion. In this 
correlation the specific gravity of 
glass beads was taken as 2.25, and 
free-settling velocities in water of 18 
and 1.85 mm./sec. were used for par- 
ticle diameters of 140 and 45 yp re- 
spectively. As previously stated, the 
free-settling velocity of thoria particles 
was taken to be 2 mm./sec., and the 
porosity of thoria flocs was taken as 
% (specific gravity = 4.85). It can be 
seen that excellent agreement is ob- 
tained between the various systems 
tested. For h/D values above 0.5 the 
equation of the average line through 
the data is 


ge P 
h/D = 0.28 In 
ZpnVv, 
(1—e)** | +0.1 (21) 


To check the above correlation with 
another fluid, a few runs were con- 
ducted where the 140-» glass beads at 
a nominal concentration of 105  g./ 
liter were agitated in carbon tetrachlo- 
ride. When correlated in accordance 
with Equation (22), the limited data 
obtained fall within the scatter ob- 
served with the water data. 


The effect of the height of the im- 
peller from the tank bottom, was in- 
vestigated for several different systems. 
It was found that this effect depended 
on the ratio a/d. The results can be 
expressed in terms of an empirical cor- 
rection factor, where 


h P 
— 0.23 in| 
D Z pn V v, 


| + 0.1 (22) 


J 


Values of f as a function of a/d are 
presented graphically in Figure 5. It 
will be seen that for a/d values of % 
or more, f remains at 1; at values of 
a/d below ¥,, f increases slightly. 

It would be expected that the power 
to expand a suspended bed in a long 
tank would be materially reduced by 
the use of several impellers. The effect 
of multiple impellers on the slurry 
water interface level was therefore in- 
vestigated. It was found that the cor- 
relation developed for single-impeller 
systems applies provided that the power 
is divided by the number of impellers 
and the interface height is measured 
above the midplane of the uppermost 
impeller. As shown in Figure 6, the 
data for one-, two-, and three-impeller 
systems, arranged as illustrated in Fig- 
ure 1, are well correlated by 


h g.P 
— = 0.23 In —&—_) 
D gn pn V v, 


| + 0.1 (23) 


or 
h/D = 0.23Inv+0.1 (24) 
Equation (24) can be used to deter- 
mine, for the fully turbulent region 
the number of impellers required to 
produce a fully dispersed suspension 
with the minimum power input. The 
authors will consider the situation 
where there are n equally spaced im- 
pellers; the lowest impeller is as close 
to the tank bottom as possible, and the 
distance of the liquid surface from the 
top impeller equals half the distance 
between impellers. It can be shown 
that the power is a minimum for 


+ 0.5 V1 + 0.92 D/h’ 
—1+/1+4+ 0.92 D/h’ 


bo 


For large values of h’/D Equation 
(25) simplifies to 


n = 2.18 (h’/D) (26) 


When h’/D is 5 or above, the value of 
n computed by Equation (26) is with- 
in 10% of that computed by Equation 
(25). 

The optimum spacing predicted by 
Equations (25) and (26) must be 
considered as only approximate. Use cf 
these equations involves extrapolation 
of the power-input relationship some- 
what beyond the range of the data ob- 
tained. 


DISPERSION STUDIES IN THE 
TRANSITION AND LAMINAR REGION 


Although beyond the scope of the 
work originally contemplated, a num- 
ber of runs were made outside the 
fully turbulent region. The work was 
restricted to studies of the 140/u glass 
beads in the 5%-in. tank. Glycerol- 
water solutions having viscosities five 
and twenty-five times the viscosity of 
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Fig. 4. Generalized correlation of interface heights and power 


requirements for single impeller systems in the turbulent 


region. 
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Fig. 5. Interface height-correction factor as a function of impeller 


height above tank bottom. 
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Fig. 6. Correlation of interface heights and power requirements 
for multiple impeller systems in the turbulent region. 0 


room temperature water were used. 
Figure 7 compares the results with 
the data for the fully turbulent region. 
It is seen that the more viscous the 
suspending medium (lower Reynolds 
number), the more power is required. 
The supposition that the effect ob- 
served is a function of Reynolds num- 
ber is also indicated by the fact 
that for a given fluid the increase in 
power is greatest at the lower interface 
heights and hence at the lowest agita- 
tor speeds and Reynolds numbers. 

Figure 8 shows, as a function of 
Reynolds number, Nd*p,/p., the ratio 
of the actual power required to the 
power to maintain the same interface 
level computed from Equation (22). 
It would appear that this ratio is unity 
for values of above 2.5 x For 
values of Nz. below 1.5 x i0' the data 
are fairly well correlated by 


P/P, = 4X 10° (27) 


The interface height data of Hirsekorn 
and Miller (2) for two-bladed paddles 
at N;. values below 25 are also shown 
on Figure 9. These data are also corre- 
lated by Equation (27). It will be 
noted that the ratio of P/P, begins to 
depart from unity at about Nr. = 2 X 
10°. This is approximately the same 
Reynolds number at which the power 
number vs. Nz, curves for many im- 
pellers cease being horizontal lines 
(12). The power data obtained in 
this study also follow this pattern. 


SUSPENSION-POWER REQUIREMENTS 


The criterion used for full suspen- 
sion is the same as that proposed by 
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Fig. 7. Effect of Reynolds number on power requirements and 


Hirsekorn and Miller (2) and Zwieter- 
ing (16), namely that all particles are 
lifted from the vessel bottom. Since 
visual observation was required, it was 
necessary to rely solely on the glass- 
bead slurries for this portion of the in- 
vestigation. All the  thoria slurries 
studied were too milky to allow the 
point at which suspension occurred to 
be determined with any degree of ac- 
curacy. 

Comparison of the data with the 
previously described correlations of 
Zwietering (16) and Kneule (9) 
showed that best agreement is ob- 
tained with Kneule’s dimensionless 
group [Equation (3)]. If Equation 
(3) is rewritten with the notation of 


this paper used, 
l—e, 
(28) 


Since in the turbulent region the rela- 
tive velocity between the fluid and a 
particle is expressed by Newton’s rela- 


tion 
8 1/2 
1.74 (29) 


Pi 
Equation (28) may be rewritten as 
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(ap) 1°78 
pi” 


(Ap) 


, 


interface heights. 


It will be noted that the dimensionless 
power group of Equation (30) is in 
the same form as the power group of 
Equations (18) through (23) but that 
Ap replaces p, and u, replaces v,. Use 
of a relative particle-fluid velocity cal- 
culated on the basis of Newton’s law 
(u,) rather than Stokes’s law (v,) 
seems reasonable since the particles on 
being removed from the tank bottom 
are in the turbulent region near the 
impeller. 

The utility of Equation (31) in cor- 
relating the data from geometrically 
similar systems is shown in Figure 9. 
It will be noted that the data obtained 
with the glycerol-water solutions in 
the transition region are also correlated. 
It would appear that for mixing Reyn- 
olds numbers above about 10° the rela- 
tive velocity between the fluid and a 
particle at the tank bottom is sufficiently 
high so that Newton’s law may be 
used. As expected, the data of Hirse- 
kom and Miller (2) for Reynolds 
numbers below 30 are not well corre- 
lated. The suspension powers required 
were approximately seven times those 
which would be indicated by the re- 
sults of the present investigation. 

Figure 10 shows the effect of vary- 
ing the D/d ratio as well as the height 
of the impeller above the tank bottom. 
For D/d ratios of 2.35 to 2.75 the data 
are represented by 
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and laminar regions. 


1.74 g.P, ( l—e, 
0.4 a/D (31) 
For a D/d ratio of 5.7, the data are 
represented by 
1.74 g. P. ( l—e, 
gy, u, (Ap) 
_ 0.95 e3 a/D (32) 
Although a firm correlation cannot be 
advanced on the basis of the two D/d 
ratios studied, the following tentative 
equation is suggested: 
1.74 g. ( l—e, 
(d/D) = 0.16 


(33) 
This is in agreement with the (d/D) 
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Fig. 10. Effect of system geometry on suspension power requirements. 


relationship observed by Hirsekorn and 
Miller [Equation (1) ]. 

If Equation (32) is rewritten so that 
it is in the same form as Equation 
(21), one has 


1.742. P, 
a/D = 0.19 | 


Vi u,(Ap) 


l—e 
( ) (d/D) | + 0.36 (34) 
€ t 
The similarity in the effect of distance 
from the impeller shown in these equa- 
tions seems reasonable. One would ex- 
pect that the rate of power dissipation 
per unit volume would decrease with 
distance in the same fashion both 
above and below the impeller. 

It is of interest to compare the re- 
sults of Zwietering (16) for two-bladed 
paddles with the data of the present 
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investigation. The dimensionless group- 
ing used in this paper can be related 
to that used by Zwietering by 


§ 
pi” 15 


(35) 


As those quantities describing slurry 
properties either do not change greatly 
or have low exponents, the quantity 
within the parenthesis varies little over 
the range of slurry properties investi- 
gated by Zwietering. If comparison is 
based on a 10 wt. % slurry in water 
with particles having a specific gravity 
of 2.3 and a diameter of 300 p, : 


0.218 


D 


A comparison of the values of 2” 
computed from the curves of Zwieter- 
ing by means of Equation (36) and 
0* computed by Equation (33) shows 
these to differ by a maximum of 30%. 
In addition while Zwietering had to 
use a separate set of curves for both 
paddle widths investigated, the present 
concept brings the curves for the two 
widths into close agreement. 


) (36) 


SUMMARY 


This study has confirmed earlier ob- 
servations that the production of an 
essentially homogeneous slurry by ro- 
tating mixers involves both the initial 
suspension of the particles and the ex- 
pansion of the particle bed to occupy 
the desired volume. At constant system 
geometry the initial suspension of the 
particles was found to be controlled 
by the dimensionless grouping (g-P) 
[ (1—e)/e]*/[g u. (Ap) } first pub- 
lished by Kneule (9). For mixing 
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Reynolds numbers above 10* Equation 
(33) can be used to predict suspension- 
power requirements when six-bladed 
paddles are used. The general agree- 
ment of Equation (33) with the re- 
sults of Zwietering (16) indicates that 
suspension powers so calculated will 
also be approximately correct for pad- 
dles having fewer than six blades. 

It was found that a range of power 
inputs existed where the slurry was 
fully suspended but where a definite 
slurry-fluid interface existed below the 
liquid level. The minimum power re- 
quired to disperse a slurry in a given 
tank is thus determined by the condi- 
tions necessary just to maintain the 
slurry interface at the liquid level. The 
experimental results are consistent with 
the theoretical derivation which indi- 
cates that the interface level should be 
a function of the dimensionless group 
(g-P)/(gpnVv.). For a single six- 
bladed paddle located so that a/D is 
at least 0.5 and operating at Reynolds 
numbers above 2.5 X 10°, the relation- 
ship between interface height and 
power input is given by Equation (21). 
The same relationship is applicable to 
multiple impellers provided the inter- 
face height is measured above the top 
impeller and the power input is divided 
by the number of impellers. When Nz. 
is below 2.5 x 10‘, the power required 
is greater than that computed by 
Equation (21) and the correction 
factor of F igure 8 is tentatively recom- 
mended. 

Further work is needed in several 
areas, Additional studies with paddle 
type of impellers are needed to define 
more thoroughly behavior in the transi- 
tion and laminar regions. Studies using 
solid-fluid systems with large density 
differences should be undertaken to 
establish definitely the density term 
appearing in the dimensionless power 
groups. These invest’gations should 
also be extended to other impeller 
types to determine whether similar 
relationships apply. 
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NOTATION 

a = height of lowest impetler 
above vessel bottom, ft. 

A = constant 

B = weight ratio of solids to 


liquid times 100 (referred to 
tank volume V,),% 
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solids concentration, g./liter 
of mixture 

impeller diameter, ft. 

vessel diameter, ft. 

vertical component of kinetic 
energy of single particle, ft.- 
Ib.-force 

ratio of slurry _ interface 
height at given a/d to height 
at a/d = 4, dimensionless 
functional relationship 


= local gravitational accelera- 


tion, ft./sec.’ 

mass acceleration/force con- 
version factor, (lb.-mass) 
(ft.) / (Ib.-force) (sec.*) 
interface height above mid- 
plane of top impeller, ft. 
interface height above vessel 
bottom, ft. 

friction factor for individual 
particle, (1b.-force) (sec.) /ft. 
constant 

mass of individual particle, 
lb.-mass 


- number of impellers 
= impeller speed (rev./time) 
= power number = Pg./pn 


N* dimensionless 


- mixing Reynolds number = 


Nd’ pi/ui, dimensionless 


- number of particles in given 


size range 


= average power input to indi- 


vidual particle, ft.-lb./sec. 
power input to a single par- 
ticle in the region of the 
slurry water interface, ft.-lb.- 
force/sec. 


- total mixing power input, ft. 


lb.-force/sec. 


= power input to liquid, ft. Ib.- 


force/sec. 

mixing power computed from 
Equation (22), ft. Ib.-force/ 
sec. 

power input to solid parti- 
cles, ft. lb.-force/sec. 
minimum mixing power re- 
quired to suspend solids, ft. 
lb.-force/sec. 


- —— di- 
mensionless 


= time, sec. 


relative vertical velocity be- 
tween particle and fluid in 


turbulent region = _ 1.74 
3(Ap) 
(== ) , ft./sec. 
Pl 


free settling velocity calcu- 
lated according to Stokes’s 
law, ft./sec. 

system volume below inter- 
face, cu. ft. 

volume of individual parti- 
cle, cu. ft. 

volume of vessel 1 diam. in 
height, cu. ft. 
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X = force acting on particle ow- 
ing to collisions, lb.-force 

x = vertical distance, ft. 

Greek Letters 

8 = particle diameter, ft. 

Sarg = average diameter 

€ = liquid fraction of system vol- 
ume below interface, dimen- 
sionless 

a == liquid fraction based on ves- 
sel volume V,, dimensionless 

m = size in » (on figures) 

fr = viscosity of suspending ligq- 
uid, lb.-mass/sec. ft. 

v = kinematic viscosity, sq. ft./ 
sec. 

Pm = density of slurry mixture be- 
low interface, Ib.-mass/cu. ft. 

Pm: = density of slurry based on 
tank volume V,, Ib.-mass/cu. 
ft. 

Pp = density of suspending liquid, 
lb.-mass/cu. ft. 

Ps = density of solid, Ib.-mass/cu. 
ft. 

Ap = ps — pi, lb.-mass cu. ft. 


ZN pm V 0, 
D)‘”, dimensionless 
-1/2 


1.74 g.P. ( 
g u, (Ap) t 
mensionless 


€ 
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The Viscosity of Liquid Mixtures 


Lamar State College of Technology, Beaumont, Texas 


The theory of viscosity of liquid mixtures presented here is based on Eyring’s theory of ab- 
solute reaction rates. The most important conclusions drawn are that for liquids the free 
energies of activation for viscosity are additive on a number fraction or mole fraction basis and 
that interactions of like and unlike molecules must be considered. Methanol-toluene, benzene- 
toluene, and cyclohexane-heptane systems were analyzed with a three-body model and found 
to fit within the accuracy of the experimental data. Acetone-water mixtures fit a four-body 
interaction much better. Indications are that to describe acetone-water mixtures well would 
require consideration of seven- or eight-body interactions. 


The viscosity of liquid mixtures has 
attracted much attention in the litera- 
ture (3, 13, 14), both from the practi- 
cal standpoint of wanting to be able 
to predict the viscosity of a mixture 
from the properties of the pure com- 
ponents and from the theoretical view- 
point of wishing to gain a clearer in- 
sight into the behavior of liquid 
mixtures. It has long been recognized 
that viscosity-composition curves are 
not simple functions of composition. 
Almost never are they linear; they may 
have a maximum, a minimum, neither, 
or both. 

One of the early equations, and cer- 
tainly one of the most popular, relating 
the absolute viscosity of a liquid to 
temperature (1, 2, 6) is 

p = Ae?” (1) 
Eyring (5) gave the equation added 
theoretical significance in the following 
form: 


=— 

If A is assumed equal to \,, and 

AAAs is identified with the molecular 

volume, Equation (2) may be written 
as 


p= (3) 
or 


hN 
(4) 


Eyring’s picture of shear between 
two layers of liquid involves the suc- 
cessive passage of individual molecules 
from one equilibrium position to an- 
other as indicated in Figure 1. Such a 
passage requires that either a hole or 
site be available. The production of 
such a site requires the expenditure of 
energy to push back other molecules. 
The movement of the molecule may be 
regarded as the passage of the system 
over a potential-energy barrier, related 
to AG*, 


DERIVATION OF THE CUBIC 
EQUATION 


In a study of the viscosity of a mix- 
ture of molecules of types 1 and 2 a 
number of different encounters must 
be considered, some of which are 
shown in Figure 2. 
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The types of interaction considered 
in this case are only three bodied and 
are, in effect, all in one plane. If the 
two types of molecules are different in 
size (radius) by more than a factor of 
1.5, it will probably become necessary 
to take into account other interactions 
involving more than three molecules 
and especially on a three-dimensional 
basis (instead of simply in one plane). 
The ratio of 1.5 to 1 in size is chosen 
arbitrarily. The three-body model 
shown in Figure 2 seems to describe 
the situation well for the methanol- 
toluene system; the ratio of molar vol- 
umes for this system is about 2.6, 
resulting in a ratio of the radii of ap- 
proximately 1.39. 

The type of interaction shown in 
Figure 2a would correspond to a free 
energy of activation of AG,*, that is for 
pure component 1. The interaction of 
Figure 2h would be characteristic of 
AG,*, or pure component 2. Interac- 
tions of types b, c, and d all correspond 
to two molecules of type 1 and one of 
type 2. One would expect the activa- 
tion energy for types c and d to be 
identical; they will be referred to as 
AGin*. The free energy of activation 
for interaction b will be referred to as 
AG,».*. Similarly energies of activation 
for types f and g would be equal and 
designated by AGiw*, whereas type 
may be designated by AGu.*. 

In any binary mixture of mole frac- 
tion x, the fraction of the times inter- 
actions of type a (Figure 2) would be 
x,*, as long as the number of molecules 
of types 1 and 2 was statistically large. 
Corresponding occurrences of the vari- 
ous types of interactions are listed 
below: 


Type of interac- 


tion 1-1-1 1-2-1 
Fraction of total 
occurrences xe 


The assumption made here of course is 
that the probability for the interactions 
is dependent only on the concentration 
and not on the free energy of activa- 
tion. This might well be a point to 
question. Perhaps the rate of each in- 
dividual interaction is proportional to 
the energy of activation in much the 
same manner as the reaction rate of a 
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chemical reaction. It may be assumed 
that for the mixture there is a free 
energy of activation AG* and further 
that 
= AG,* + A = 
AG.” + x. AG,* (5) 
Two additional assumptions are made 
at this point: 
AGin*® = AGua* = and (6) 
= = (7) 
Incorporating Equations (6) and (7) 
into Equation (5) results in 
AG* = AG,* + AG,.* + 
3x,x2" AG.,* + x,° AG,* (8) 
It was necessary to make assumptions 
(6) and (7) because with the cubic 
Equation (5) it is not possible to de- 
termine four arbitrary constants. Even 
though and would be 
expected to be physically different, it 
is not possible to differentiate between 
them with viscosity-composition data 
alone. Equation (5) may be written 


= AG,” (4G 
2AG,.*) + x.2AG,* (9) 
in which case 


2AGu2* 


AG.” = 10 
3 ) 
AG + QAG is" 
AG.,* 3 (11) 


It must be further emphasized that 
for certain systems the three-body, 
essentially planar model indicated here 
may have to be modified to incorporate 
three-dimensional, four-body (or more) 
interactions. The most important result 
of the theory proposed here is that the 
free energies of activation for viscosity 
are the additive quantity. The fact that 
the three-body model fits so well for 
several systems, as shown below, lends 


2-1-1, 2-2-1, 
1-1-2 2-1-2 1-2-2 9-2-2 


support to the premise that, at least for 
certain cases, the one-dimensional ap- 
proach is sufficient. For the acetone- 
water system discussed below, a four- 
body model was used. This approaches 
the multibody, three-dimensional prob- 
lem. For this system the four-body 
model is much more reasonable than 
the three-body model discussed here. 
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Fig. 1. Distances between molecules in a 


liquid (5). 


The multibody model would necessi- 
tate a lengthy, if not unwieldy, equa- 
tion having many constants; such an 
equation may be necessary for certain 
mixtures. 

For each type of energy of activation 
considered here a corresponding kine- 
matic viscosity may be assigned. 

For the mixture 


hN 
(12) 
For pure component 1 
h AG,*/RT 
(18) 


For interactions of types b, c, and d in 
Figure 2 
hN 
e 
My 
For interactions of types e, f, and g in 
Figure 2 


(14) 


AG,,*/RT 


(15) 


and for pure component 2 


hN 


(16) 
Substituting Equation (8) into (12) 
results in the following expression for 
the kinematic viscosity of the mixture: 


hN 


Taking logarithms of Equations (13) 
through (17), combining to eliminate 
the free energies of activation, and re- 


arranging yields 


Inv = + + 
hN hN 


— x,In — 


Inve, + x.*Inv. + In Men M, 


hN 
— 3x,°x.ln — — 


IVE 21 


hN 
(18) 
M. 
When one recalls that x, + 


+ + x = + = 1, 
Equation (18) may be written 
Inv = 6(x) —In Mag + M, 
+ 8x,x.1In Mie + 8x,x.7In Ma 
+ M, (19) 
The various molecular weights may be 
assumed to be as follows: 
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Mang = + x.M, 


M,, = (2M, + M.)/3 since these in- 
teractions involve two molecules of 
type 1 and one molecule of type 2. 

M., =(M, + 2M.) /3 since the three- 
body interactions involve two mole- 
cules of type 2 and one of type 1. 
Substituting these quantities into Equa- 
tion (19) and condensing the equation 
results in 


Inv = + + 
+ x,"Inv, — In[x, + x.M./M,] 
+ 3x,°x.In[ (2 + M./M,)/3] 
+ 3x.x."In[ (1 + 2M./M,)/3] 


+ [M./M,] (20) 

It is noted that the entire equation 
involves only two undetermined con- 
stants, v. and v.,. Other features of the 
equation include the possibility of hav- 
ing a maximum, a minimum, neither, 
or both for v as a function of x. 

If M./M, = 1.0, the last four terms 
of the equation vanish. Every term of 
the equation contains the logarithm to 
the base e, and hence each term may 
be replaced by the logarithm to the 
base 10, with which it is often more 
convenient to work. 


Further development of the equa- 

tions may be made by using 

AG* = AH* — TaS* (21) 

at a given temperature. Substitution of 

Equation (21) into Equation (12) re- 
sults in 


hN 


— el + + + 


(17) 
Furthermore 

IVE) 

and 
hN AS,*/R /RT (26) 


(e) (f) (g) (h) 


Fig. 2. Types of viscosity interactions in a 
binary mixture, three-body model. 


Substitution of Equations (23) through 
(26) into Equation (20) results in an 
equation relating the viscosity of a 
liquid mixture to both composition and 
temperature. In such an equation the 
only constants not known @ priori or 
not involving the pure components are 
AS.2*, AS.,*, AH..*, and AH,,*. If these 
constants are assumed independent of 
temperature, a method is provided for 
extrapolating viscosity-composition data 
at two temperatures to other tempera- 
tures. 

Forerunners to Equation (20) are 
those by Kendall (11); Glasstone, 
Laidler, and Eyring (5); Hirschfelder, 
Curtiss, and Bird (8); and Frenkel (3, 
4). The latter was one of the first to 
consider interactions of molecules of 1 
with 2. Frenkel’s equation is 


Ing = + + 
(27) 


Kendall’s equation is 


In(1/p) = xin (1/p,) + x-In(1/p2) 
(28) 
or 
Ing = xing, + x.Inpe (29) 
The similarity of Equations (27) and 
(29) to Equation (20) is at once ap- 
parent. For Equation (27) or (29) to 
hold, however, requires that the molal 
volumes of the mixture, component 1, 
and component 2 all be equal. This 
condition seldom obtains. Equation 
(27) can have a maximum or a mini- 
mum, but not both, as required by the 
experimental data for methanol-toluene 
mixtures (7). 


TABLE 1. ENTHALPIES AND ENTROPIES OF ACTIVATION FOR 
ViscOSITY FOR THE METHANOL-TOLUENE SYSTEM 


AH,*® = 2.27 kcal./g.mole 
AHi2* = 2.64 kcal./g.mole 
= 2.04 kcal./g.mole 
AH.* = 1.88 kcal./g.mole 


AS,* = —0.000369 kcal./g.mole °K. 
= —0,000511 kcal./g.mole °K. 
= —0.00246 kcal./g.mole °K. 
AS.* = —0.00364 kcal./g.mole °K. 


These constants were determined for the temperature range from 20° to 60°C. 
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TABLE 2. KINEMATIC VISCOSITIES FOR THE METHANOL-TOLUENE SYSTEM 


20.00°C. 25.00°C. 
Viz CS. 0.7373 0.6914 
Viz, CS. 0.9093 0.8609 
Vat, CS. 0.6420 0.5850 
V2, CS. 0.6786 0.6414 


DERIVATION OF THE QUARTIC 
EQUATION 


When one considers the movement of 
a molecule in a mixture from one equi- 
librium position to another, the three- 
body interactions considered above 
may not always be realistic. This 
would be especially true where the size 
of one component molecule is much 
greater than the size of the other com- 
ponent molecule. 

The four-body model approaches 
more nearly a three-dimensional treat- 
ment. The interactions to be considered 
are shown in Figure 3. Types a and p 
are seen to correspond to the pure 
components 1 and 2 respectively. 
Types b, c, and d would be expected 
to be identical, whereas type e should 
be different from the previous three. 
Since, however, types b through e all 
involve three molecules of component 
1 and one molecule of component 2, it 
is not possible to differentiate between 
the interactions with viscosity data 
alone. Six interactions are involved 
with two molecules of each component, 
interactions f through k; and four in- 
teractions are discerned with three 
molecules of component 2 and one of 
component 1, types | through o. 

As before, the energies of activation 
for the four-body interactions are 
added in proportion to the fraction of 
the total occurrences for each _inter- 
action shown in Figure 3: 


AG* = +- 


37.80°C. 50.05°C. 60.11°C. 
0.5908 0.5138 0.4590 
0.7080 0.6004 0.5359 
0.5195 0.4595 0.4159 
0.5621 0.5009 0.4592 


x'AG,* (30) 
In this equation AG,.*’ is an equiva- 
lent free energy for interactions of 
types b, c, d, and e and does not dif- 
ferentiate between the first three and 
the last interaction. Likewise AG,..*’ 
and AGu.,*’ are combinations similar to 
those made in Equations (10) and 
(11). AGi»*’ combines the free ener- 
gies of activation for types f, g, and h 
with those of i, j, and k. AGw.°’ com- 
bines the free energies of activation 
for type | with those of types m, n, 
and o. 

By techniques entirely analogous to 
the method given above, the following 
equation is derived:. 


= XAIny, + 4x) 
+ 6x,2x"Inv' + 201 
+ x,‘Inv. — In(x, + x. M./M,) 
+ 4x,°x.In[ (3 + M./M,)/4] 
+ 6x2xIn[ (1 + M./M,)/2] 
+ 4x,x.‘In[ (1 + 3M./M,)/4] 
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CEXPERIMENTAL DATA 
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Fig. 4. Viscosity of liquid methanol-toluene 
mixtures. 


+ x,'In (M./M,) (31) 


RESULTS 


Methanol-Toluene System 

Equation (20) was tested first with 
the experimentally obtained data for 
the viscosity of mixtures of methanol- 
toluene solutions (7). The data for 
each temperature were used in Equa- 
tion (20), and the constants v» and va 
were determined by the method of 
least squares. Then, with these con- 
stants, Inv was calculated at each com- 
position given. Noting that 
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Fig. 3. Types of viscosity interactions in a binary mixture, four-body 


model. 
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Fig. 5. Kinematic viscosity as a function of temperature. 
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Inveare. — Invexptn, = Alnv 


Av Veale — 


Vexpt’l 


V Vv 

one can compare calculated and ex- 
perimental viscosity determinations by 
calculating a percentage difference as 
100 times Alnyv. The average percent- 
age difference at each temperature was 
calculated by averaging the absolute 
value of the difference at each com- 
position without regard to sign. Except 
for three data points at 25°C. and one 
at 37.8°C., all the calculated viscosity 
values agree with the experimental 
data with a maximum difference of + 
0.5%. The average difference, again 
excepting the three points at 25°C., is 
about + 0.2%, which is the same 
magnitude as the reported accuracy of 
the data (7). It may therefore be con- 
cluded that for the methanol-toluene 
system Equation (20) correlates the 
data with a high degree of precision. 
Figure 4 shows the viscosity-composi- 
tion curves for the methanol-toluene 
system. The solid lines in Figure 4 
were calculated from Equation (20) 
by the use of the v,. and v., determined 
by the method of least squares. The 
circles represent the experimental data. 


TABLE 3. KINEMATIC VISCOSITIES OF 
BENZENE-TOLUENE Mixtures AT 25.00°C. 


Mole Kinematic 
fraction viscosity, 
benzene centistoke 

Vv 
0.0000 0.6414 
0.1159 0.6439 
0.2032 0.6468 
0.3445 0.6509 
0.4476 0.6546 
0.5677 0.6608 
0.6394 0.6645 
0.7741 0.6730 
0.8772 0.6807 
1.0000 0.6915 
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Differentiation of Equation (22) re- 
sults in 


d 
‘d(1/T) 
dAH* 1 
d(1/T) 


= AH*/R + (1/RT) 


d AS* 
R d(1/T) 
If the last two terms are negligible, 


d Inv 
d(1/T) 


If both AH® and AS* are independent 
of temperature, Inv is a linear function 
of 1/T. Figure 5 shows log», logy, 
logy,., and logy, as functions of 1/T. 
The fact that the lines are straight over 
the 40-odd degrees centigrade indi- 
cates that the enthalpies and entropies 
of activation for viscosity are inde- 
pendent of temperature over this range 
for the methanol-toluene system. 

For those systems for which Inv is 
not a linear function of the reciprocal 
temperature, Equation (32) must be 
used or else the liquid does not fit Ey- 
ring’s basic model as exemplified by 
Equation (4). For those systems for 
which Inv is a linear function of the 
reciprocal temperature, Equation (32a) 
may be used to interpolate accurately 
the viscosity as a function of tempera- 
ture. Table 1 presents the enthalpies 
and entropies of activation for viscosity 
for the methanol-toluene system cal- 
culated by the use of Equations (22) 
and (32a). Table 2 gives all the kine- 
matic viscosities at the five tempera- 
tures listed. 


(32) 


= AH*/R_ (32a) 


Benzene-Toluene System 

Precise experimental data for the 
kinematic viscosity of benzene-toluene 
mixtures at 25.00°C. are given in 
Table 3. The precision with which 
Equation (20) fits the data with a 
maximum difference of 0.06% and an 
average difference of 0.02% is cer- 
tainly within the accuracy of the data. 
For the system at 25.00°C. ». and va 
are 0.6616 and 0.6493 centistoke re- 
spectively. Figure 6 shows a line cal- 
culated from Equation (20) and gives 
the experimental data points (9). 


Cyclohexane-Heptane System 

Kinematic viscosity data are given 
in Table 4 for the cyclohexane-heptane 
system at 37.8°C. The average per- 
centage difference is + 0.2%, and the 
maximum difference is 0.5%, which is 
the same magnitude as the experi- 
mental accuracy of the data. For this 
system at 37.8°C. v2 and va are 0.6272 
and 0.5782 centistoke respectively. 


Acetone-Water System 

One of the most nonideal systems in- 
sofar as viscosity-composition data are 
concerned is acetone-water. Figure 7 
shows the acetone-water viscosity ex- 
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TABLE 4, KINEMATIC VISCOSITIES OF 
CYCLOHEXANE-HEPTANE MIXTURES 
AT 37.8°C. (9) 


Mole Kinematic 

fraction viscosity, 

cyclohexane centistoke 

Vv 

0.000 0.510 
0.092 0.527 
0.184 0.544 
0.402 0.595 
0.585 0.655 
0.690 0.702 
0.841 0.792 
0.960 0.904 
1.000 0.947 


perimental data (10), the data calcu- 
lated according to the cubic Equation 
(20), and the data according to the 
quartic Equation (31). In each case 
the unknown constants were deter- 
mined by the method of least squares. 
Equation (20) fits the data with an 


average deviation of 6.4%; the maxi- | 


mum deviation is 15.8%. Equation 
(31), however, has an average devia- 
tion of only 2.1% and a maximum de- 
viation of 4.8%. It is important to 
notice that it is in the low acetone con- 
centrations that both Equations (20) 
and (31) fit the poorest. 


DISCUSSION 


The accuracy with which Equation 
(20) fits the data for the first three 
systems presented is encouraging. For 
these three systems, at least, the model 
proposed seems adequate. More im- 
portant, however, is the indication that 
it is the free energy of activation that 
is the additive quantity in the viscosity 
of mixtures. Equation (31) was not 
used for the data of the methanol- 
toluene, benzene-toluene, or cyclohex- 
ane-heptane systems. Mathematically 


this equation must fit the data at least 
14 
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Fig. 7. Comparison of acetone-water mixtures 
with two theoretical models. 
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Fig. 8. Interaction of an acetone molecule with 
water molecules. 


as well and probably better than Equa- 
tion (20). Since Equation (20) al- 
ready fits within the accuracy of the 
experimental data, nothing could be 
gained by applying the quartic equa- 
tion. 

For those systems which do not fit 
Equation (20) well, as for example the 
acetone-water systems discussed here, 
a more general equation is necessary. 
Equation (20) is concerned only with 
the interactions of three molecules at 
a time. This is rather like a flatland 
description of a three-dimensional oc- 
currence. The four-body interactions 
are a more accurate representation of 
the physical facts for mixtures whose 
component molecules are approxi- 
mately the same size. The four-body 
model also enjoys the three-dimensional 
representation of the problem. Figure 
8, however, shows that even a four- 
body model is unrealistic for molecules 
differing in size as much as acetone 
and water. In Figure 8 the size ratio 
is 1.61, which is the cube root of the 
ratio of the molar volumes of acetone 
and water. The three water molecules 
circled with solid lines in this figure 
can hardly be descriptive of the inter- 
actions involved in the movement of 
an acetone molecule when three addi- 
tional water molecules, shown as 
dashed circles, do not fill all the avail- 
able space around the periphery of 
the acetone molecule. Again the illus- 
tration shows a two-dimensional repre- 
sentation. On a three-dimensional basis 
perhaps a dozen or more molecules are 
affected by the movement of a single 
acetone molecule. 


TABLE 5. SizE RATIOS OF SYSTEMS STUDIED 


Volu- Volu- 
metric metric 
size ratio size 

System (molal) ratio 
Methanol-toluene 1/2.62 1/1.38 
Benzene-toluene 1/1.20 1/1.06 
Cyclohexane-heptane OF 
Acetone-water 4.16/1 1.61/1 
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Where such interactions are an im- 
portant fraction of the total occur- 
rences, as in the low acetone concen- 
trations, one would expect that at least 
a seventh- or eighth-order equation 
would be necessary to describe viscos- 
ity-concentration data accurately. 

For the acetone-water system it is 
also interesting to note that the quartic 
equation fits the data above 50 mole 
% fairly well. This might indicate that 
a fifth-order equation is satisfactory in 
this region, but an eighth-order equa- 
tion might be required for the low 
acetone concentrations. 

Not enough systems have been in- 
vestigated here to indicate when it is 
permissible to use the cubic equation 
and when a more complicated equation 
is called for. As a rough guide, how- 
ever, if the component molecules in a 
mixture are close to the same size, a 
cubic or quartic equation should ade- 
quately describe the mixtures. If the 
size ratio of the molecules is more than 
1.5, one may expect to employ a higher 
order equation to describe the mix- 
tures accurately. Table 5 gives the size 
ratios for the systems treated here. 

The use of the kinematic viscosity 
in most of the equations presented here 
instead of the absolute viscosity has 
the obvious advantage of avoiding 
equations containing volume fractions, 
or volume changes on mixing, quanti- 
ties which are not always known. 

While it is true that many liquids 
do not follow Equation (3) or (4) 
well over the entire range of tempera- 
ture possible for the liquid, there is 
usually some temperature range for 
which viscosities may be described by 
the methods presented here. 

Many attempts have been made to 
relate AG* to chemical structure (12, 
14) for pure liquids. These attempts 
have been either unsuccessful or at 
best not entirely satisfactory. Predic- 
tion of AG..* and AG.,* (or the corre- 
sponding AH®*’s and AS*’s) is not pos- 
sible at this time. 

It is granted that the approach pre- 
sented here is highly oversimplified, 
but the accuracy obtained for even the 
three systems discussed here is suffi- 
ciently good to make further examina- 
tion and development of the theory 
worthwhile. 
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NOTATION 


A, B = empirical constants 
AG* = molal free energy of activation 
for viscosity, cal./g.mole 
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R = gas constant, 1.987 cal./(g. 
mole) (°K.) 

- = absolute temperature 

N = Avogadro number, 6.023 X 
10” molecules/g.mole 

h = Planck constant, 6.6240 x 
10* erg.-sec./molecule 

M = molecular weight, g./g.mole 

e = base of natural logarithms, 
2.71828 ... 

V = molal volume, cc./g.mole 

Xi = mole fraction of component i 
in the liquid 


Greek Letters 


pb = absolute viscosity, poise or 
centipoise 
v = kinematic viscosity, stoke or 


centistoke. All numerical val- 

ues given in this paper are in 

centistoke. 

liquid density, g. mass/cc. 

= average intermolecular  dis- 
tances between adjacent liquid 
molecules (Figure 1) 

+ + Sax? 

Inv, + 

— In [x + x M./Mi] + 

3x,xIn [(2 + M./M,)/3] + 

[(1 + 2M./M,)/3] 

+ x:‘In M./M, 


I 
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Flow Patterns and Mixing Rates in 
Agitated Vessels 


K. W. NORWOOD and A. B. METZNER 


Mixing rates in agitated vessels are predicted through measurement of the flow patterns 
which determine them. These measurements suggest the use of a model that assumes that 
nearly all the mixing occurs in a small “perfectly mixed” region near the impeller, with flow 
throughout the remainder of the tank serving primarily to bring the fluid into this region of the 


impeller. 


On the basis of this model, equations were developed for relating volumetric flow rates, hence 
the mixing rates, to the operating variables. While the theory could be checked directly only 
to Reynolds numbers of slightly over 600 (owing to limitations of the experimental technique 
employed in this part of the mixing-rate studies), the volumetric flow rates could be measured 
from Reynolds numbers of 36 to 1.7 x 10°. The times required for completion of an acid-base 
neutralization (terminal mixing) were also measured from Reynolds numbers of 1.6 to 1.8 xX 


10°. 


Flat-blade, dimensionally similar turbines with diameters of 2, 4, and 6 in. were used. Tank 
diameters ranged from 5.76 to 15.5 in. The baffle width equaled one tenth of the tank diameter 
in all runs. All the data were for Newtonian fluid systems, but the extension of this work to 


non-Newtonian materials is discussed briefly. 


The literature in the field of agita- 
tion and mixing of fluids may be sub- 
divided into two general categories: 
quantitative studies of power consump- 
tion and papers dealing with observa- 
tions of the rates and quality of mixing. 
The former area has been investigated 
for a number of years, with both New- 
tonian and non-Newtonian fluids; how- 
ever little has been done in regard to 
quantitative determinations of mixing 
rates or to an understanding of flow 
patterns and the factors controlling 
them. In fact, only two studies (2, 12) 
appear to be available in which any 
attempt was made to define the factors 
controlling mixing rates. In addition, 
several papers (5, 6, 7, 10, 11) report 
measurements of fluid velocities near 
the region of the impeller or in the 
vessel. 

In view of these facts, the purposes 
of the present investigation were, 1) to 
study the flow patterns in agitated ves- 
sels and to determine how these factors 
influence mixing rates, and 2) to use 
the above to develop design equations 
for predicting mixing rates in New- 
tonian fluids and to consider the ex- 
tension of these results to non-New- 
tonian systems. 

The first of these purposes required 
the development of a suitable instru- 
ment for measuring point velocities 
under turbulent conditions in viscous 


liquids. 


THEORY 


Probably all the operations carried 
out in vessels equipped with an agi- 
tator depend primarily on high rates 


K. W. Norwood is with General Electric Com- 
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of fluid shear, high fluid-recirculation 
rates, or some combination of these 
variables. Emulsification processes, for 
example, require primarily a high in- 
tensity of the shearing action to reduce 
droplet size, and high rates of heat 
transfer depend upon large flow rates 
of the fluid past the heated surfaces. 
Chemical reactions require both large 
flow rates to distribute reactant streams 
throughout the vessel and a high in- 
tensity of turbulence (at least at one 
place within the vessel) to aid the mix- 
ing of the reactant streams to the de- 
sired degree of completeness on a 
molecular level. 

Metzner and Taylor (5) have shown 
that the shear rates and local rates of 
power dissipation in a fluid agitated 
inside a cylindrical vessel with flat- 
bladed turbines are initially very high 
at the impeller but decrease by several 
orders of magnitude within about 1 in. 
from the tip of a 4-in. turbine impeller. 
Obviously most of the power is dissi- 
pated in the immediate region of the 
impeller. The fluid in this region has 
a more thoroughly mixed condition 
than anywhere else in the tank, regard- 
less of the measure or standard of 
quality of mixing. Under these condi- 
tions the mixing process may be de- 
scribed by a gross model which as- 
sumes a “perfectly mixed”* volume in 
the region of the impeller with little 
mixing in the rest of the tank. For 
clarity of expression, the equations for 
this model will be formulated for a 
specific mixing operation, the batch- 
wise mixing of the reacting compo- 
nents of an infinitely fast chemical re- 
action. The latter restriction is intro- 


* Perfectly blended, but not necessarily homo- 
geneous on a molecular scale. 
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duced to eliminate any dependence on 
chemical kinetics (the sole controlling 
factor will be the rate of mixing of re- 
actants) and should be a good as- 
sumption for most ionic reactions. The 
resulting equations may also be used 
as an approximation to the residence 
times required in continuous stirred- 
tank reactors, but these introduce the 
additional complication that some re- 
actants may short-circuit to the draw- 
off point, especially if it is poorly 
located, and additional information as 
to the distribution of residence times 
would then be required. 

The neutralization of a given num- 
ber of equivalents of base (M,) ini- 
tially evenly distributed throughout a 
tank of volume V, by the stoichiomet- 
ric amount of acid introduced near the 
impeller* at time zero will be con- 
sidered. The following additional as- 
sumptions are utilized: 

1. Nearly all the mixing takes place 
in a small perfectly mixed volume of 
fluid near the impeller. 

2. Any unreacted acid which is 
pumped out of this volume reacts in 
the other parts of the tank in localized 
pockets of turbulence before being re- 
circulated to the impeller. While the 
intensity of such turbulence away from 
the impeller is low, that it is not zero 
at Reynolds numbers above 10 has 
been shown both by photographic data 
(5) and by visual observations in the 
present study. In particular the regions 
behind the baffles, above and below 
the impeller (near the vertical axis of 
the tank), and near the tank wall at 
the level of the impeller show appreci- 
able turbulence at transitional and 
turbulent Reynolds numbers. 

3. Any base which enters V is neu- 
tralized substantially instantaneously. 

4, All the fluid in the tank is in re- 
circulating motion. 

Under these conditions a material 
balance for the unreacted acid, written 
over the volume, simplifies to 


—QC,—QC,r=VdC,/dt (1) 


The two limiting relationships be- 
tween time and C, are as follows. If 
the outflow from V_ short-circuited 
completely, then shortly after time zero 


®In continuous processes all reactants would 
normally be introduced into this perfectly mixed 
region. 
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C, would equal zero and neutralization 
of the base would occur only by diffu- 
sion. On the other hand, if the outflow 
from V did not recirculate to V until 
all the fluid in the tank had passed 
through it once, then C, could be 
taken as equal to M,/V+. In reality the 
value of Cy always lies somewhere be- 
tween these limits, and because base 
is consumed in the reaction, C, is 
robably a decreasing function of time. 
Additionally C, and C; have the fol- 


lowing similar characteristics: 


C,(0) = M./Vr (2a) 

C.(0) = (M,/V) (1 — V/Vs) 
(2b) 
Cr(tr) =0=C,(tr) (2c) 


These considerations suggest that a 
good approximation for Cy as a func- 
tion of time would appear to be 


which is equivalent to assuming that 
the concentration of base in the inflow 
stream to the impeller is equal to the 
average base concentration in the tank. 
Substituting Equation (2d) in Equa- 
tion (1) and integrating, one obtains 


C,/C,(0)2= (3) 
or 


M(t)/M, = (1—V/V;z) 
(4) 


If one ignores the short time lag be- 
tween the pumping of a slug of acid 
out of the volume and its neutralization 
in the tank, M(t)/M, is equal to the 
fraction of the original acid or base 
still unreacted at t; therefore 


1— 
1—V/V, 


The following approximate conclu- 
sions concerning the volume may be 
drawn from photographic data (5): 

1. V is approximately independent 
of impeller speed. 

2.0<V=0.15 cu. ft. for the im- 
peller diameter range from 2 to 6 in. 

The volumetric flow rate is not only 
of importance in Equation (5) and the 
problem considered here but also in 
almost all other mixing-rate processes. 
The following expression for the theo- 
retical pumping capacity of a flat-blade 
turbine impeller has been derived by 
van de Vusse (12): 


Qu = ND’w (6) 


This derivation, based on the analogy 
between a turbine mixer and a centrif- 
ugal pump, assumed that loss of energy 
due to drag on the impeller is negligi- 
ble. Entrainment of fluid by the jet 
stream from the impeller was also 
neglected. It appears reasonable to re- 
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write Equation (6) as 


Q = ND*w(1— 


Fragmentary data (10) indicate, that 
c, is independent of impeller speed and 
is equal to 1.96 for the agitation of 
water by a 4-in. turbine impeller oper- 
ating in the impeller speed range of 
100 to 200 rev./min. in a baffled tank. 

Equation (7) is a somewhat dis- 
couraging result. The factor ¢,, and 
possibly f(u), appear to be important 
enough to require careful determina- 
tion. At present this must be carried 
out experimentally. Similar conclusions 
may be reached from the more recent 
and extensive analysis of Nielsen (7). 
Thus for the present the work required 
to obtain Q [hence the mixing rates 
obtained by use of Equation (5)] ap- 
pears to be nearly as extensive as a 
direct (empirical) determination and 
correlation of mixing rates. This is not 
to say that the previous theoretical 
considerations are of no value, but they 
do not aftord any very immediate pre- 
diction of mixing rates. 

An empirical analysis of the terminal 
mixing time yields by means of dimen- 
sional considerations 


f(ND*p/p, T/D, y/D, g/N*D, Ntr = 0 


(8) 


The Froude number g/N*D accounts 
for the gravitational effects on the 
fluid motion. In view of the fact that 
several investigators have shown that 
the Froude number is not of signifi- 
cance in determining power require- 
ments in baffled tanks, one might con- 
clude superficially that the Froude 
number should not affect mixing times 
under similar conditions. However the 
effect of gravity on the flow pattern, 
hence on mixing rates, can be shown 


Fig. 1. Thermistor probe and probe positioner. 
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most easily by considering the limiting 
case of zero gravitational force. Under 
these conditions the liquid would be 
thrown out to the sides of the vessel 
by the impeller and would tend to re- 
main there, yielding no recirculation 
and therefore little or no mixing. Thus 
if the force of gravity could be changed 
in the laboratory, the flow pattern and 
therefore the mixing time would be 
affected unless the vessel were filled to 
a rigid surface. 


DESCRIPTION OF EQUIPMENT 


The data were taken in baffled (J/T = 
0.1), cylindrical, flat-bottomed, Pyrex- 
glass mixing vessels. The fluids were 
agitated with centrally positioned turbine 
impellers having six flat blades (w = 
D/5). Each of the various-sized impellers 
was mounted 35.4% of the distance from 
the tank bottom to the liquid surface. The 
impellers were geometrically similar in all 
dimensions. The size ranges of impeller 
diameter and vessel diameter which were 
used in the study are given in Table 1. 

The probe used to measure flow rates 
and the probe positioner are shown in 
Figure 1. The probe was formed by 
joining a long piece of L-shaped hypoder- 
mic tubing to a short L-shaped niece by a 
collar-and-spring device in such a way 
that the short L could be rotated independ- 
ently of the large L. A thermistor bead 
was mounted at the tip of the short L, and 
the leads were threaded through the tub- 
ing. The probe positioner consisted of 
three lathe beds arranged so that the 
probe might be moved independently in 
each of three directions, and the sides of 
the beds were marked at intervals to 
permit determination of the exact position 
of the probe in the tank. 

The velocity-measuring probe was used 
as the fourth side of a Wheatstone’s bridge; 
two 500-ohm resistors and a decade re- 
sistor comprised the other three sides. The 
bridge was powered by a power supply 
and a power amplifier; input and output 
voltages were measured with suitable volt- 
meters. The resistance of the probe was 
allowed to vary with flow rate, and the 
input to and the output from the bridge 
were kept constant by varying the decade 
box resistance. This method of operation 
gave a calibration curve of velocity as a 
function of the decade box reading and 
the viscosity and density cf the fluid. 

The test liquids, mixtures of corn syrup 
and water, were all single phase Newtonian 
liquids. Their viscosities were measured 
with a capillary-tube viscometer. 


OPERATING PROCEDURE 


Mixing times were measured by means 
of a slightly modified version of the 
method of Fox and Gex (2). The time 
necessary to neutralize a known amount 
of acid dispersed in a tank of fluid with 
an exact equivalent amount of base is 
defined as the terminal mixing time (2). 
Fractional mixing times were similarly 
measured by noting the time for some 
known fraction of the stoichiometric 
amount of acid to be neutralized. Methyl- 
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Fig. 2. Calibration of Probe, with photographic 
data used as the primary standard. 


red indicator was used to determine the 
end points. At the initial neutral point the 
liquid had a pH such that the indicator 
was just on the yellow side of the red-yel- 
low color change (pH = 6.3). Since 
methods of measurement involve a chem- 
ical reaction between ions, a degree of 
mixing close to absolutely complete mix- 
ing (homogeneity even to the molecular 
level) must be achieved before all the red 
color can be eliminated, when it is assumed 
that the visual observation is sufficiently 
acute to detect any unmixed volumes. 
The thermistor probe was calibrated by 
means of velocity data obtained by several 
investigators (5, 10, 11) in photographic 
studies of the flow patterns in the region 
of a turbine impeller. These data were 
taken with mixing equipment identical to 
that which was used in a part of this 
work. The data were obtained by the use 
of corn-syrup—water mixtures of four 
viscosities: 1.0 centipoises (10), 16.5 and 
285.3 centipoises (11), and 2,093 centi- 
poises (5). The final calibration curve, 
Figure 2, shows that most of the data 
are within the margin of error of the 
probe, as determined by the sensitivity of 
the vacuum-tube voltmeter to decade 
resistance changes. The detailed function 
F(%,D’.) is not given, as it is undoubtedly 
restricted to the particular probe used. 
Figure 2 is given primarily to show that 


TABLE 1. RANGES OF VARIABLES STUDIED 


Variable Range 
Mixing-time data Velocity data 

Impeller diameter 2 to 6 in. 2 to 6 in. 
Tank diameter 5.72 to 15.5 in. 11.3 in. 
T/D ratio 1.35 to 5.66 1.89 to 5.66 
Fluid depth 6 to 12 in. 11.3 in. 
y/D ratio 1.5 to 6.0 2.8 
Impeller speed 40 to 4,820 rev./min. 75 to 2,300 rev./min. 
Reynolds number 1.6 to 1.83 x 10° 35.7 to 1.72 x 10° 
Viscosity 0.3624 to 7,780 centipoises 1.0 to 1,783 centipoises 


All data were obtained with J = 0.1T. 


Density terms have been included in Figures 3 and 5 since they generally accompanied changes in 
viscosity; however the changes in fluid density were too small to enable a highly accurate determina- 


tion of the true effect of density changes alone. 


point velocities could be determined with 
a mean accuracy of +5% over the entire 
range studied. A detailed description of 
the probe and its directionality and opera- 
tion is available (8). 

Total flow rates were obtained by in- 
tegrating the measured velocities over the 
entire moving stream of fluid, from the 
center of the vertical vortex above the im- 
peller to the center of the vortex below. 
These vortices are very well defined under 
conditions of good mixing (5, 10) and 
delineate completely and accurately the 
area over which such an integration should 
be carried out. 


RESULTS AND DISCUSSION 


The study of mixing rates and flow 
patterns covered the major areas of 
industrial importance with regard to 
Reynolds number and geometric ratios; 
however the scale of equipment was 
smaller than would be found in indus- 
try. The 498 mixing-time measure- 
ments and twenty-five velocity traverses 
were taken over the ranges of varia- 
bles given in Table 1. 


Volumetric Flow Rate 
The volumetric flow-rate data (Fig- 
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Fig. 3. Correlation of total (volumetric) flow rates. 
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ure 3) were correlated by 


Q = 9.0 x 10“ 
(1 (9) 


over the entire Reynolds number range 
studied. The maximum deviation from 
the best line through the data is 33%; 
the average deviation of the twenty- 
five points is 9.7%. 

Calculation of the volumetric output 
of an impeller for design purposes, 
with either Figure 3 or Equation (9) 
used, requires some knowledge of the 
term (1—q’*)”’. In the present work 
q was measured; it almost always 
proved to be negligible, as suggested 
by van de Vusse (12) for baffled sys- 
tems. In one instance omission of this 
term would have resulted in an error 
of 7%, but in no other case was the 
term less than 0.99. Thus the present 
recommendation is to neglect it com- 
pletely. 

Comparison of Equations (9) and 
(7) shows that the product ¢, f(z), 
while independent of impeller speed 
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Fig. 4. Proof of model used to correlate times 
required for fractional completion of the 
mixing. 
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TABLE 2. SCALING EQUATIONS—TURBULENT REGION 


Refer- 
ence Operating conditions 
1 General 
2 
Propeller, unbaffled 
3 Baffled, propellers 
12 Paddles or turbines, un- 
baffled 
12 Propellers, baffled and 
unbaffled 
Present Turbines, baffled 
work 


(as postulated earlier), is incorporated 
as a dimensional term which differs 
appreciably from a value of unity. 
Therefore extrapolation to greatly dif- 
ferent values of the relevant variables 
cannot be recommended. This limita- 
tion is unimportant insofar as Reynolds 
numbers and viscosities are concerned, 
since wide ranges were covered, but 
the applicability of Equation (9) to 
large-scale equipment remains un- 
proved. An article appearing since the 
present work was completed (6), 
while very carefully carried out, does 
not alleviate this problem, nor does it 
propose any general correlation of the 
recirculation rate Q. 


Fractional Mixing Times 

The times required to neutralize be- 
tween 60 and 98% of the base in the 
tank, by addition of the appropriate 
percentage of the stoichiometric amount 
of acid, are shown in Figure 4 for 
three typical runs. The coordinates and 
scales are as suggested by Equation 


Mixing time equation 


tr( ND*)?4 ( 
a 


pet 
tr a N* 
tra to 0.35 
tr a 
tr(ND*)** gue 
= const. 
y 


(5); the fact that the correlating curves 
are straight lines shows that Equation 
(5) is obeyed. Knowledge of the value 
of Q from the flow-rate measurements 
enables determination of V from these 
slopes*. Values of the perfectly mixed 
volume as obtained from twenty-five 
sets of runs similar to those shown on 
Figure 4 are correlated in Figure 5. It 
is evident that this volume is deter- 
mined primarily by the impeller size 
and is only slightly dependent on the 
fluid properties; an 1,800-fold change 
in viscosity changes the value of V by 
only about 40%. No dependence on 
impeller speed was shown over the 
entire range studied, 75 to 2,300 rev./ 
min. 

Figure 6, with the above correla- 
tions for V and Q utilized, summarizes 
the applicability of Equation (5) to 
the prediction of the actual fractional 


* Since V/Vr<<1.0 only a very approximate 
estimate suffices to define the value or- 
dinate for any given measurement; the slope how- 
ever is sensitive to small percentage variations 
in 
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Fig. 5. Dependence of perfectly mixed volume on impeller diameter, fluid 


density, and viscosity. 
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Scaling equation 
Slope of for geometric 
logarithmic plot similarity and 
of Np vs Nae equal mixing times 
P, = 
—1/6 P, = 
0 P. KP. 1 
0 to —0.15 = K*™P, to K*“P; 
0 Ps = K*"P; 


mixing times. The maximum deviation 
from the theoretical line is 26.5%, and 
the average deviation is 10.3%; the 
range of Reynolds numbers covered is 
from 36 to 640. Higher Reynolds num- 
bers could not be studied, because the 
time for fractional mixing became too 
short. At low Reynolds numbers not 
all the fluid in the tank is in motion, 
the theory becomes inapplicable as 
mixing rates approach zero, and the 
process is of no industrial interest. It 
must also be noted that the theory pre- 
dicts infinite mixing times for com- 
plete or perfect mixing [F(t) = 1.0]. 
While the theory must break down as 
F(t) approaches unity, since the dif- 
fusive processes largely neglected in 
the present analysis must be responsi- 
ble for the ultimate completion of mix- 
ing, no deviations were noted up to 
98.8% of complete mixing, the highest 
level studied in this phase of the pro- 
gram. 


Time Required for Terminal Mixing 

The relationship between the dimen- 
sionless groups in Equation (8), for 
calculation of the time required for 
terminal mixing, is shown in Figure 7. 
The average deviation of all the points 
from the best curve through the data 
is 11.4%. The maximum deviation is 
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Fig. 6. Final correlation of fractional mixing 


times (V and Q obtained from Figures 5 and 


3, respectively). 
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Fig. 7. Empirical correlation of time required for terminal mixing. 


about 40%, but most points are within 
20% of the curve. 

The end of the laminar region, in 
which little or no turbulent mixing 
takes place, coincides approximately 
with the lowest Reynolds number at 
which flow at the tank wall and fluid 
surface may be first observed visually 
(4, 5). Photographs taken (5) at Reyn- 
olds numbers in the early transition 
region show that all the fluid in the 
tank is in motion, but the flow is very 
sluggish, largely in the tangential di- 
rection, and the mixing rates are still 
very low. No turbulence is evident 
except close to the impeller. Photo- 
graphs in the middle transition region 
show much more turbulence, and the 
velocity measurements show that all 
the fluid is now in reasonably rapid 
motion; therefore the mixing times de- 
crease rapidly with further increases 
in flow rate or Reynolds number. 


Although mixing times, even for ter- 
minal mixing, were too short to be 
measured above a Reynolds number of 
1.8 x 10°, the turbulent region of the 
curve was extended after a comparison 
of the existing mixing-time—factor 
curve with the power-number—Reyn- 
olds-number curve for turbine impellers 
rotating in baffled tanks, in both New- 
tonian (9) and non-Newtonian (4) 
fluids. Figure 8 shows both smoothed 
curves. The important points to note 
are as follows: 


1. As one proceeds up the Reynolds- 
number scale, the mixing-time—facto; 
curve changes slope each time and 3 
the same point that the power curve 
changes. This is only reasonable in 
that a change in the trend of power re- 
quirements indicates that the flow pat- 
terns in the tank must be changing, 
which in turn lead to changes in mix- 
ing rates. 


2. The power curve flattens out, 
that is the power requirements become 
independent of viscosity, at a Reynolds 
number of about 2 to 4 X 10‘ and re- 
mains flat to a Reynolds number of 10°, 
the upper limit of the power data. 


In view of these facts, moderate exten- 
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sions of the mixing-time—factor curve 
seem to be reasonable. 


Comparison with Prior Art 

Fox and Gex (2) have developed a 
mixing-time-factor—Reynolds number 
curve for Newtonian fluids agitated by 
marine propellers and side-entering 
jets in unbaffled tanks. Several differ- 
ences between their work and_ the 
present study are of importance: 

1. Their final correlating equation is 
identical in form to the present one for 
turbine impellers with two exceptions: 
the mixing-time factor used for tur- 
bines is equal to the product of the 
mixing-time factor for marine propel- 
lers or jets and the square root of the 
D/T ratio, and second the numerical 
values are generally different for dif- 
ferent impellers even after the D/T 
term is considered. 

2. The disappearance of the last 
wisp of color in their experiments was 
isolated and located at different points 
in the tank, whereas the disappearance 
of the last wisp of color with turbine 
impellers always occurred in the region 
of the impeller. 

These differences between turbine 
mixers on one hand and jets and pro- 
pellers on the other indicate that a 
significant portion of the mixing in the 
latter two systems occurs away from 
the region of the agitator mechanism. 


At very high Reynolds numbers this 
factor, rather than the rate of fluid re- 
circulation, may possibly control mix- 
ing rates, and the propeller becomes a 
more efficient mixer than does the tur- 
bine. Within the range of Reynolds 
numbers studied, however, the reverse 
appears to be true. For example, with 
a 2,000-centipoise fluid, a 3-in. impel- 
ler, and a T/D ratio of 6.0 in both 
systems the power consumptions are 
equal when the Reynolds numbers are 
100 for the propeller and 60 for the 
turbine. The mixing time with a tur- 
bine used under these conditions is 
only about 6% of that required by the 
propeller. If a fluid having a 1-centi- 
poise viscosity were used instead, the 
mixing times would be identical in 
both systems at equal power consump- 
tions. In this case the Reynolds num- 
bers are 2 X 10° for the propeller and 
0.7 X 10° for the turbine. Kramers and 
co-workers (3) arrived at the opposite 
conclusion concerning the _ relative 
merits of propellers and turbines, but 
their turbines had unusually narrow 
blades, to which their inferior per- 
formance may have been due. 
Corrsin (1) presented an analysis of 
a fluid mixer operating at high Reyn- 
olds numbers (turbulent region) in 
which he assumed that stationary iso- 
tropic turbulence exists throughout the 
tank. From this analysis he derived an 
equation for scaling geometrically simi- 
lar mixers. This and the other scaling 
equations available at the present time 
are presented in Table 2. One may 
note that although all of the exponents 
for the scaling factor K are between 4 
and 6, only the data of Kramers et al. 
(3), which were used by Corrsin to 
help support his deduction, yield an 
equation identical with the postulated 
one. However Kramers’s results are 
not entirely conclusive in that his 
group carried out only a small number 
of tests in which the scale of the 
equipment was varied. While Corrsin’s 
approach is thus left with little direct 
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Fig. 8. Comparison of terminal mixing time and power consumption correlations. 
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experimental support, it should be 
noted that the empirically determined 
exponents are subject to considerable 
experimental error and, with the ex- 
ception of the present results (on small- 
scale equipment), have not been de- 
termined to better than 10 to 20%. 


Mixing Rates in Non-Newtonian Systems 


Photographic (5) and visual (4) 
data on pseudoplastic non-Newtonian 
fluids agitated with a single flat-bladed 
turbine show that only a part of the 
fluid in the tank is in motion unless 
the Reynolds numbers exceed about 
970 at T/D = 3.0, 110 at T/D = 2.0, 
90 at T/D = 1.5, and 50 at T/D = 
1.3 

Therefore the mixing-time factor of 
Figure 7 would tend to approach very 
large values below these Reynolds 
numbers, as compared with the break 
at a Reynolds number of about 2 for 
the Newtonian data in Figure 7. In 
other words a series of laminar curves, 
each intersecting the early-transition 
curve of Figure 7 at the above-indi- 
cated Reynolds numbers, for various 
T/D ratios, might be expected. Since 
the photographic study (5) indicated 
rapid increases in fluid turnover at in- 
creasing Reynolds numbers, use of the 
curve of Figure 7 at higher Reynolds 
numbers would perhaps be conserva- 
tive for pseudoplastic fluids. 

Use of the curves of Figure 7 for 
dilatant systems is also suggested in 
the absence of specific data, but no 
estimate of the accuracy of this sug- 
gestion is possible. 


CONCLUSIONS 


1. A model of the mixing process, 
based on the assumption that the con- 
tents of the vessel consist of a small 
perfectly mixed volume in the region 
of the impeller, surrounded by un- 
mixed fluids, was supported experi- 
mentally to Reynolds numbers of 640. 
This model may be used to define the 
extent of completion of fast, batch re- 
actions by the equation 


1— F(t) 
1= 


The model probably will not apply to 
mixing in the fully turbulent region, 
since considerable mixing may then oc- 
cur in other parts of the tank and the 
volume may cease to be a pertinent 
variable. All data supporting this model 
were taken with a flat-blade turbine 
in a baffled tank. 

2. Data on the total volumetric flow 
rates were correlated over the Reyn- 
olds number range of 36 to 1.72 x 10° 
by 

Q = 9.0 X 
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3. Times required for terminal mix- 
ing, measured by carrying out an acid- 
base neutralization, were correlated 
empirically (Figure 7) for Reynolds 
numbers between 3 and 1.8 x 10°. 
Each change in the character of the 
mixing-time curve reflects a change in 
the flow conditions in the tank which 
is also reflected in the power-number- 
Reynolds-number curve. 

4. The mixing-time factor for the 
agitation of Newtonian fluids by tur- 
bine impellers in baffled tanks is found 
to be related to the mixing-time factor 
for the agitation of Newtonian fluids 
by jets and propellers in unbaffled 
tanks by the square root of the T/D 
ratio. The mixing-time factors and 
power-consumption data combined sug- 
gest that turbines are much more effi- 
cient at low Reynolds numbers than 
are propellers. At the highest Reynolds 
numbers studied in this work the two 
have become comparable. 

5. Application of the present mix- 
ing-time data (Figure 7) to non- 
Newtonian systems at sufficiently high 
Reynolds numbers is suggested as an 
approximate procedure for pseudoplas- 
tic systems until data become available. 
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NOTATION 
= entrainment factor 
Gi = concentration of base, moles/ 


cu. ft. Cr(0) refers to this 
term at zero time 

Cc; = concentration of acid, moles/ 
cu. ft. C,(0) refers to this 
term at zero time 


D = impeller diameter, ft. 

D, = probe resistance at zero flow, 
ohms 

Dz = probe resistance at velocity 
u, ohms 

D’, = (Dr—D.,), ohms 

e = base of Napierian logarithms 

f = functional relationship 

fi = mixing-time factor (dimen- 
sionless) f; = t, (ND*)** g” 

fn, D’, = abscissa of calibration curve 

f(x) = correction factor for viscous 
drag of fluid on the impeller 

F(t) = fraction mixed, dimension- 
less 

g = gravitational acceleration, ft./ 
sec.’ 

= conversion factor, ft. Ib.- 


mass/ (Ib.-force ) (sec. )* 

J = baffle width, ft. 

K = ratio of size, prototype to 
model 
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M(t) = moles of acid or base in tank 
at time t 
= moles of acid or base in tank 
at time zero 
N = rotational speed, rev./sec. in 
dimensionless groups; other- 
wise rev./min. 


Ne = Reynolds number (dimen- 
sionless), ND*p/p 
Np = power number (dimension- 


less), Pg./N*D*p 

= power, (Ib.-force) /sec. 
P, refers to the power con- 
sumption of a prototype and 
P, to that of a model. 


Q = volumetric flow rate, cu. ft./ 
sec. 

Qm = theoretical volumetric flow 
rate, cu. ft./sec. 

q = ratio of (angular) fluid vel- 


ocity at the blade tip to an- 
gular impeller velocity 


T = tank diameter, ft. 

t = time, sec. 

te = terminal mixing time, sec. 

u = velocity, ft./sec. 

V = volume of perfectly mixed 
region, cu. ft. 

V; = total volume of fluid in tank, 
cu. ft. 

w = impeller blade width, ft. 

y = fluid depth, ft. 

n = ratio of (z/p) for unspeci- 
fied fluid to (n/p) for water, 
dimensionless 

= viscosity, (lb.-mole)  (ft.) 
(sec. ) 

p = density, lb.-mass cu. ft. 
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Liquid, Gas, and Dense-Fluid Viscosity of 


Propane 


Experimental data, believed accurate within +0.5%, are presented for pressures of 100 to 
8,000 Ib./sq. in. abs. for nine temperatures from 77° to 280°F. One isotherm, within 1° of the 
critical, indicates the detail required in further investigation of the critical region. These data 
were combined with the available literature values to prepare a table of recommended viscosity 
values with maximum uncertainty of +2% for temperatures from 70° to 460°F. Two generalized 
correlations and the Enskog viscosity theory for dense gases exhibit significant errors in pre- 
dicting the data. Methods are suggested for extrapolation of the values to higher temperatures 


and pressures. 


More data on the physical properties 
of hydrocarbon liquids and gases at 
elevated pressures and temperatures 
are needed because of the trend to- 
ward these conditions in industrial 
processes and the more frequent dis- 
covery of reservoirs at great depths 
with the resulting increased occurrence 
of condensate types of systems. The 
literature contains relatively few vis- 
cosity data for elevated pressures and 
temperatures for single components 
and very few data for mixtures. Meth- 
ane, ethane, and propane are the only 
saturated hydrocarbons for which the 
effect of pressure on the viscosity be- 
havior has been reported by more than 
one investigator. The reported methane 
viscosities are in fair agreement, but 
the ethane and propane data differ by 
as much as 10% for those conditions 
for which it is possible to make direct 
comparisons. Therefore an extensive 
program has been initiated to provide 
new viscosity data for single compo- 
nents, mixtures, and naturally occur- 
ring fluid systems. 

Experimental data are presented for 
gaseous, liquid, and dense-fluid pro- 
pane at pressures from 100 to 8,000 
Ib./sq. in. abs. for nine temperatures 
between 77° and 280°F. These data, 
which are believed to be accurate to 
within +0.5%, have been compared 
with the data of previous investigators, 
and differences have been resolved. 
To prevent each engineer needing val- 
ues for calculations from having to re- 
evaluate the data, a table of recom- 
mended propane viscosity values is 
presented for four ranges of pressure 
and temperature: (1) liquid at 50 Ib./ 
sq. in. abs. from —300° to 10°F., with 
an uncertainty of +5%; (2) gas, 
liquid, and dense fluid for 100 to 8,000 
Ib./sq. in. abs. and 70° to 280°F., with 
an uncertainty of +0.5%; (8) gas and 
dense fluid for 100 to 8,000 Ib./sq. in. 
abs. and 340° to 460°F., with an un- 
certainty of +2%; and (4) dense fluid 
and liquid for 9,000 to 20,000 Ib./sq. 
in. abs. and 100° to 300°F., with an 
uncertainty of +5%. 
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APPARATUS AND MATERIALS 


In previous viscosity studies a modified 
Rankine type of capillary viscometer was 
used (4), but operational difficulties lim- 
ited use of this instrument to measure- 
ments on light natural gas, methane, and 
inert gases at low densities. An analysis 
(8) of the various types of viscometers 
led to the development of a new design 
based on the principle of the Rankine in- 
strument, that is laminar flow of the fluid 
through a capillary tube, but an improved 
method of obtaining the pressure differen- 
tial for fluid movement. This is an abso- 
lute instrument which does not require 
calibration with a fluid of known viscosity. 
A schematic diagram of the new viscom- 
eter and associated test equipment, which 
have been previously described in detail 
(7), is shown in Figure 1. 

During an experimental run mercury 
flows from the reservoir into the receiver, 
forcing the test fluid through the capillary. 
The time recorded is that taken for the 
mercury level to rise from the lower re- 
ceiver electrode to the upper electrode 
and involves displacement of some 7 ml. 
of fluid. The long electrode ends some 
distance above the vessel bottom and so 
provides an initial volume to permit flow 
conditions to stabilize before timing be- 
gins. The receiver is mounted rigidly, and 
the reservoir is free to move in an arc of 
radius equal to the length of the mercury 
flow tube. The flow tube and capillary 
jacket are attached to the receiver and 
reservoir by 0.25-in. high-pressure swivel 
joints. The reservoir axis remains vertical 
as it is raised, since the mercury flow tube 
and capillary-tube jacket assembly act as 
a parallel linkage. In this manner the pres- 
sure differential across the capillary tube 
(equivalent to the difference in level of 
the mercury surfaces in the reservoir and 
receiver) can be varied from 3 to 40 cm. 
by raising the mercury reservoir to pre- 
determined positions. 

The Pyrex capillary tube is about 0.25- 
mm. I.D. by 5-mm. O.D. and 91 cm. in 
length. Its bore was determined by the 
mercury-pellet method described in detail 
by Carr (4). The viscometer is mounted 
in an air bath designed for operation from 
ambient temperature to 400°F. Initially it 
was possible to maintain the temperature 
of the reservoir and receiver only within 
+0.3°F. of the selected temperature. This 
variation was later reduced to +0.1°F. 
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The instrument may be operated at pres- 
sures up to 8,000 Ib./sq. in. abs. 

To determine the accuracy and stand- 
ard deviation of the instrument, a series of 
thirty-one separate tests was made on 
nitrogen at 1,000 lb./sq. in. gauge. The 
95% confidence limit (twice the stand- 
ard deviation) for these experimental data 
was 99.4% and the absolute accuracy 
99.7% [based on what are regarded as 
the best published data for nitrogen (7)]. 
Data were also obtained for liquid water 
at room temperature and 1,150 Ib./sq. in. 
gauge; the results of fifteen measurements 
differed by only +0.3% from the values 
reported in the literature (7). 

The propane used was certified 99.99+ 
mole % pure, and a mass spectrometer 
analysis detected no impurities in the 
samples used. 


EXPERIMENTAL DATA 


To achieve the objectives of the inves- 
tigation, it was necessary to obtain data 
for the gas, liquid, and dense-fluid regions 
and to conduct an intensive examination 
of the viscosity behavior in the region near 
the critical point. Propane was chosen for 
the initial investigation because its critical 
temperature of 206.3°F. falls near the 
midpoint of the operating temperature 
range of the instrument, permitting study 
of the viscosity of each phase to be made 
over a fairly wide temperature range. The 
experimental program was planned to pro- 
vide sufficient data to resolve the differ- 
ences between previous data and to per- 
mit a set of recommended values to be 
established. 

Propane viscosity data were obtained 
for nine temperatures from 77° to 280°F., 
for a general range of test pressures from 
100 to 8,000 lb./sq. in. abs., and are pre- 
sented in Figures 2 and 3. As data were 
obtained, plots of isothermal values were 
used to indicate trends and questionable 
points. However because the data were 
obtained at progressively higher pressures 
at a given temperature, the isotherm plots 
(Figure 2) were relatively insensitive to 
data-point errors. For a better check on 
the internal consistency of the data, a 
cross plot (Figure 3) was prepared of the 
viscosity at constant -pressure as a function 
of temperature. This made questionable 
data much more apparent; that is, the 
220°F., 8,000 Ib./sq. in. abs. point is ap- 
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A Na-Hg RESERVOIR VACUUM PUMP 
8 GAS COMPRESSOR F MERCURY RESERVOIR 
C SAMPLE COMPRESSOR G MERCURY PUM! 
© SAMPLE ANALYSIS BOTTLE 4 SWIVEL JOINTS 


VISCOMETER 


Yh 
MERCURY 
FLOW TUBE 
J BYPASS VALVE N MERCURY RESERVOIR 


P-1 0-10,000 PS! GAG: 
P-2 HEISE 0-2000 PSI GAGE 
M CAPILLARY TUBE JACKET P-3 HEISE 0-10,000 PS! GAGE 


Fig. 1. Schematic diagram of IGT viscometer. 


parently 2% low, based on the smooth 
curve through the other 8,000 Ib./sq. in. 
abs. data. 

Each point in Figures 2 and 3 repre- 
sents the average value determined from 
three to five repeat measurements at each 
of at least two different pressure differ- 
entials across the capillary tube. The re- 
peat measurements generally were repro- 
ducible to within +0.2%, and the values 
calculated for the different pressure differ- 
entials generally agreed within +0.3%. 
Greater deviations were observed under 
certain sets of conditions, particularly near 
the critical point. For most of these cases 
where greater than normal deviations 
were observed, the calculated average 
Reynolds number was higher than 1,500, 
and turbulent flow may have existed in 
the capillary tube. Detailed tables of the 
experimental data have been prepared and 
are available.* 

An attempt was made to define the 
critical viscosity for propane as a part of 
the investigation at 206.6°F. Data were 
obtained at pressure intervals as close as 
8 lb./sq. in. on both sides of the reported 
critical pressure, 617.4 Ib./sq. in. abs. as 
shown in Figure 4. However in going 
from 617.4 to 625.0 lb./sq. in. abs. the 
viscosity increased 120 upoises, which 
would indicate that the actual critical 
pressure for the propane sample tested 
might be slightly above 618 lb./sq. in. 
abs. Figure 4 also indicates that a very 
detailed investigation of viscosity behavior 
in the region near the critical will be re- 
quired to determine an accurate critical 
viscosity value. 

Investigation is underway to provide 
detailed data similar to those presented 
here, for ethane and n-butane, and to 
define the critical region of each in signifi- 
cant detail. The data for propane, ethane, 
and butane will permit rigorous testing of 
the theorem of corresponding states and 
the dense-gas theory as applied to viscos- 
ity. 


COMPARISON WITH LITERATURE 
VALUES 


Data on the effect of pressure on the 
viscosity of propane have been re- 


* Tabular material has been deposited as docu- 
ment 6346 with the American Documentation 
Institute, Photoduplication Service, Library of 
Congress, Washington 25, D. C., and may be ob- 
tained for $3.75 for photoprints or $2.00 for 
35-mm. microfilm. 
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ported by seven groups of investigators 
and were used to test the new data 
and to develop a conviction regarding 
their validity. Comings, Mayland, and 
Egly (6) utilized a capillary-tube vis- 
cometer to measure gas-phase viscosity 
at pressures up to 600 Ib./sq. in. abs. 
and temperatures to 220°F. Both gas 
and liquid viscosities were measured 
by three groups with rolling ball vis- 
cometers: Sage and Lacey (11) up to 
2,000 Ib./sq. in. abs. and 220°F.; and 
Bicher and Katz, (2) and Smith and 
Brown (14) to 5,000 Ib./sq. in. abs. 
and 400°F. Baron, Roof, and Wells 
(1) utilized a modified capillary-tube 
instrument for measurement of both 
gas and liquid viscosities up to 8,000 
Ib./sq. in. abs. and 275° F. Van Wijk, 
van der Veen, Brinkman, and Seeder 
(19) used a falling-body viscometer 
for measurements at 6,000 to 20,000 
lb./sq. in. abs. and 89° to 300°F. 


Swift, Christy, and Kurata (16) re- 
ported data for saturated liquid pro- 
pane from —300° to 194°F. obtained 
by use of a falling-body viscometer. 

The viscosity data reported by Sage 
and Lacey show significant deviations 
from the values reported by Comings 
et al. and those of this investigation, as 
shown in Figure 5 for 160° and 220°F. 
Comings’s values and the new data 
were both obtained with capillary-tube 
viscometers where laminar flow condi- 
tions can be assured; these data differ 
by less than the 1 to 2% experimental 
uncertainty Comings ascribed to his 
data. The data of Sage and Lacey were 
obtained by use of a rolling-ball vis- 
cometer, but the density-viscosity be- 
havior of propane in the gas phase al- 
most precludes existence of laminar 
flow in this type of instrument. When 
turbulent flow occurs, the apparent 
viscosity values calculated from the 
measurements will be higher than the 
true values, and the data indicate that 
this may be the case. 

Figure 5 illustrates the insensitivity 
of the plot of isotherms. Even though 
the three sets of data differ markedly, 
a smooth curve can be drawn through 
each set. A more rigorous test of the 
accuracy of the data is the plotting of 
isobars of viscosity as a function of 
temperature. Comings’s values and the 
new data are shown in Figure 6 for 
100, 200, 300, and 400 Ib./sq. in. abs. 
Only one of the new data points is 
more than 0.5% from the smooth 
curves drawn through these points, 
and all but two of Comings’s points lie 
within +2% (their stated experi- 
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Fig. 2. Experimental propane viscosity vs. pressure. 
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Fig. 3. Experimental propane viscosity vs. temperature. 


mental uncertainty) of the curves. The 
data of Sage and Lacey and of Smith 
and Brown exhibited such scatter that 
a smooth curve could not be drawn 
through them for comparison. 

Most of the available data for 1,000 
lb./sq. in. abs. agree fairly well. Those 
of Smith and Brown and of Bicher and 
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Fig. 4. Change of propane viscosity with pres- 
sure at 0.3°F. above critical temperature. 
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Katz agree with the data of this in- 
vestigation within +2%, which is 


within their stated experimental ac-, 


curacy of + 3 to 5%. Also the data of 
Baron, Roof, and Wells and Sage and 
Lacey, differ by less than 1% from the 
Institute of Gas Technology data, ex- 
cept at 125°F., where Baron’s value is 
47 yupoises less. This agreement is il- 
lustrated in Figure 7, where the data 
of the different investigators are com- 
pared with isobars of the recommended 
values at 1,000, 2,000, 3,000, 5,000, 
and 8,000 Ib./sq. in. abs. 

At higher pressures the agreement 
between data is not so good. When the 
new data are plotted as isotherms 
(Figure 2), the viscosity increases al- 
most linearly with pressure above 
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Fig. 5. Comparison of propane viscosity data at 
160° and 220°F. 
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1,500 Ib./sq. in. abs. Some of the data 
of Sage and Lacey indicate similar be- 
havior, but their data for 190° and 
220°F. exhibit a distinct downward 
curvature at 2,000 Ib./sq. in. abs. The 
plots of data for various temperatures 
which were used for comparing the 
data for pressures above 600 lb./sq. in. 
abs. are not shown; however the rela- 
tive shape of the isotherms for pres- 
sures above 1,000 Ib./sq. in. abs. can 
be inferred from Figures 2 and 7. The 
data of Bicher and Katz and of Van 
Wijk, et al., indicate the same near- 
linearity of the isotherms and general 
shape of isobars as the Institute of Gas 
Technology data. Bicher and Katz's 
data are only 1 to 3% higher, and 
those of Van Wijk et al. are less than 
3% lower than the Institute of. Gas 
Technology data. The data of Smith 
and Brown show definite drooping of 
the isotherms, with values 5 to 9% 
lower than Institute of Gas Technology 
data at 5,000 Ib./sq. in. abs. This may 
have been caused by the calibration 
coefficient for the instrument not ade- 
quately compensating for pressure ef- 
fects. 

The best agreement was observed at 
175° and 225°F. for the data of Baron, 
Roof, and Wells and of the present 
authors, where the observed differences 
are less than 1% over the entire 
pressure range to 8,000 Ib./sq. in. 
abs. At 275°F. the data agree to 
within 1% for pressures up to 3,000 
Ib./sq. in. abs., but at the higher pres- 
sures Baron’s values tend to fall below 
the Institute of Gas Technology values 
and are 3% less at 8,000 Ib./sq. in. 
abs. The greatest difference observed 
between these two sets of data is at 
125°F., where Baron’s values are con- 
sistently 47 ppoises (3.2 to 5.9%) less 
than those predicted from the Institute 
of Gas Technology values. These low 
values do not follow the expected vis- 
cosity-temperature trend. Both the In- 
stitute of Gas Technology and Baron 
et al. data were obtained with capil- 
lary-tube viscometers. 

Swift, Christy, and Kurata recently 
presented data for liquid propane for 
temperatures from —300° to 194°F. 
Five of the seven data points between 
86° and 194°F. could be compared 
directly with the Institute of Gas Tech- 
nology data. These exhibited differ- 
ences of less than 2%; the remaining 
two points differed from the Institute 
of Gas Technology data by less than 
the +5% stated possible experimental 
error. The data of Swift, et al., were 
obtained by use of a relative-value 
(falling-body) instrument. 


SELECTION OF RECOMMENDED 
VALUES 


There is no single criterion by which 
the accuracy of the various data can 
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be determined. However on the basis 
of comparisons discussed and _ the 
trends indicated by kinetic theory, it 
was decided that for temperatures 
from 100° to 280°F. values read from 
a large-scale viscosity-temperature plot 
of the new data would have an esti- 
mated error of less than 0.5%. Such a 
plot would also permit extrapolation of 
the curves through the 77°F. data for 
estimation of viscosity values at 70°F. 
The values so determined were then 
cross plotted as isotherms on a viscos- 
ity-pressure diagram to detect any ir- 
regularities. In this manner the viscos- 
ity values for 70° to 280°F. reported 
in Table 1 were obtained. 

It is not possible to extrapolate the 
experimental data to higher tempera- 
tures by use of either of the large-scale 
plots referred to above, owing to the 
scatter of the high-temperature data 
of Bicher and Katz and of Smith and 
Brown, which are the only values avail- 
able. However Thodos and co-workers 
(3, 13) have proposed a method for 
correlation of viscosity data which has 
proved effective for pure mono- and 
di-atomic materials and would provide 
a basis for extrapolation to higher 
temperatures. Thodos defines a_ resi- 
dual viscosity as the difference be- 
tween the viscosity ata given pressure 
and temperature, w, and the viscosity 
at 1 atm. and the same temperature 
uo. A logarithmic plot of residual vis- 
cosity vs. density resulted in a smooth 
continuous curve for the mono- and di- 
atomic molecules tested. In this man- 
ner pressure and temperature are 
eliminated as independent variables. 

A Thodos type of plot was con- 
structed for the new experimental pro- 
pane viscosity data and is shown in 
Figure 8. The yo values were calcu- 
lated by use of the Sutherland (15) 
equation (with T in °R.) which repre- 
sented atmospheric-pressure propane- 
viscosity data of Trautz and Sorg (17) 
within 0.1%: 


fo = (6.805 T**)/(T + 502.4) 
(1) 


All but two of the points on Figure 8 
fall within +1% of the smooth curve 
drawn through the data, which again 
is a good test of the consistency of the 
experimental results. Since this plot 
has correlated the experimental data 
from 77° to 280°F. into a single curve, 
it should be possible to use the plot as 
a means of extrapolation to higher 
temperatures; all the densities en- 
countered would lie within the range 
of existing data. 

The wo values were calculated with 
the Sutherland equation for tempera- 
tures of 340°, 400°, and 460°F. The 
data of Sage and Lacey (12) were 
used to determine the densities for 
each of the pressures at the three tem- 
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TABLE 1. RECOMMENDED VALUES FOR THE VISCOSITY OF PROPANE 


Critical temperature = 206.3°F. 
Critical pressure = 617.4 Ib./sq. in. abs. 


A. UNCERTAINTY LEss THAN 2% 


Temper- 

ature, °F. 

Pressure, 
Ib./sq. 


in. abs. 


70.0 100.0 130.0 160.0 


14.7 80 85 89 93 


190.0 220.0 


250.0 280.0 340.0 400.0 460.0 


Viscosity, upoises 


98 102 106 110 118 126 133 


100 81 86 91 96 100 105 110 114 120 128 135 
200 1,010 848 93 98 102 107 112 116 122 130 137 
300 1,025 863 710 102 106 110 114 119 124 132 139 
400 1,040 877 725 562 112 116 119 123 127 134 14] 
500 1,055 891 741 588 127 125 125 129 131 137 143 
600 1,070 905 755 610 454 140 134 135 135 140 146 
800 1,095 932 785 650 520 345 178 157 148 149 153 
1,000 1,125 956 814 682 560 432 295 208 169 162 162 
1,250 1,157 987 846 718 605 495 390 297 208 185 178 
1,500 1,189 1,017 877 753 643 543 447 362 253 212 197 
1,750 1,218 1,045 906 785 675 580 492 412 294 242 218 
2,000 1,247 1,074 935 815 705 615 530 453 335 272 240 
2,500 1,300 1,126 988 870 762 675 593 518 402 329 284 
3,000 aol Li6é L037 922 815 135 645 575 460 379 327 
4,000 1,445 1,275 1,132 1,016 910 820 740 667 555 469 405 
5,000 L5aS 1367 1,290 1102 996 903 820 748 636 546 476 
6,000 1,627 1,450 1,305 L182 1,077 981 895 822 709 615 540 
7,000 1535 1585 Liss 964 887 777 680 602 
8,000 1,802 1,610 1,463 1,333 1,231 1,120 1,028 950 841 741 660 
B. UNCERTAINTY LEss THAN 5% 
Temper- 
ature, °F. -300.0 -250.0 -200.0 -150.0 -100.0 -50.0 0.0 10.0 
Pressure, 
Ib./sq. 
in. abs. Viscosity, upoises 
50 72,500 17,000 7,400 4,400 3,000 2,100 1,600 1,500 
100.0 150.0 200.0 250.0 300.0 
Temper- 
ature, °F. 
Pressure, 
Ib./sq. 
in. abs. Viscosity, upoises 
9,000 1,645 1,405 1,227 1,070 948 
10,000 1,725 1,485 1,300 1,138 1,005 
12,000 1,880 1,625 1,420 1,245 1,117 
14,000 — 1,762 1,545 1,367 1,222 
16,000 — — 1,667 1,480 1,325 
18,000 — — — 1,592 1,430 
20,000 — — — 1,700 1,530 


peratures, and the corresponding val- 
ues of residual viscosity were read 
from Figure 8. The viscosity values 
obtained by this technique formed 
smooth isobars which were continua- 


tions of the curves of experimental data 
at lower temperatures, as is shown in 
Figure 7; it can also be noted in Figure 
7 that the predicted curves lie between 
the data of Bicher and Katz, and Smith 
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Fig. 6. Comparison of propane viscosity data at low pressure. 
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and Brown, and have the same general 
curvature. It is estimated that the vis- 
cosities reported in Table 1 for 340°, 
400°, and 460°F. have an uncertainty 
of +2%. 

Swift, Christy, and Kurata (16) re- 
cently published values for the viscos- 
ity of liquid propane at low tempera- 
tures. Van Wijk, van der Veen, Brink- 
man and Seeder (19) published values 
for extreme pressures. The values re- 
ported in Table 1 were interpolated 
from these sets of data and are in- 
cluded to provide as complete a vis- 
cosity field as is presently possible. 
These values have an uncertainty of 
+5%. 


COMPARISON WITH CORRELATIONS 


Some of the propane viscosities re- 
ported in Table 1 were compared with 
those predicted by two generalized 
viscosity correlations based on _ the 
theorem of corresponding states. The 
correlations of Uyehara and Watson 
(18) apply to both the gas and liquid 
phases, and the observed deviations 
are generally within the +10% ac- 
curacy claimed for the chart. This cor- 
relation tends to predict viscosity val- 
ues which are consistently higher than 
the observed values. Carr (4) pre- 
sented a correlation for predicting the 
viscosity of light natural gases with a 
high degree of accuracy, but when ap- 
plied to propane the accuracy is much 
less. This correlation tends to predict 
viscosity values which are lower than 
the observed data, particularly at 
lower temperatures. Carr’s correlation 
appears to be the better of the two for 
calculating gas viscosities in regions 
where data are not available. 

Another method of correlating vis- 
cosity behavior is by use of Enskog’s 
(5, 9) viscosity theory for dense gases. 
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Fig. 7. Comparison of IGT recommended pro- 
pane viscosity values with data of other in- 
vestigators. 
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To test this relationship, terms in the 
equation were computed by the use of 
Enskog’s equation of state; the Bene- 
dict-Webb-Rubin equation of state; the 
propane B-W-R constants of Opfell, 
Schlinger and Sage (10); and a plot 
of experimental kinematic viscosity vs. 
density. 

Agreement between observed data 
and values calculated with the Enskog 
theory is poor, particularly at the 
lower temperatures. However it is ap- 
parent that the Enskog relationship 
does predict the effect of pressure on 
viscosity, since the deviations are al- 
most constant at any one temperature. 
To test this hypothesis, a new value of 
one Enskog constant was evaluated 
from the experimental 2,000 lb./sq. in. 
abs. data for each temperature and 
used in calculation of the viscosities 
by the Enskog equation. The resulting 
deviations are small and consistent for 
the higher pressures. This would tend 
to indicate that if the Enskog tempera- 
ture parameter were evaluated from 
one experimental data point, the Ens- 
kog relationship could be used with 
fair confidence to extend the data to 
higher densities at the same tempera- 
ture, provided that the P-V-T data or 
an applicable equation of state were 
available. 


SUMMARY 


New experimental viscosity data 
have been presented for propane over 
the range of petroleum reservoir pres- 
sures and temperatures. The new data 
have been combined with existing 
literature values to present a consist- 
ent viscosity field for fluid propane 
from 70° to 460°F. for a wide range 
of pressures and for the liquid at 50 Ib./ 
sq. in. abs. down to —300°F. The Ens- 
kog dense gas viscosity theory can be 
used to predict accurately the influence 
of pressure on viscosity for propane, 
even for the liquid phase, but the tem- 
perature dependence of one equation 
parameter is not adequately predicted 
by the Enskog equation. The residual 
viscosity concept of Thodos was shown 
to be applicable to propane and _ to 
serve as a useful extrapolation tech- 
nique. 
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Effect of Radial Temperature Variation on 


Axial Mixing in Pipes 


R. D. HAWTHORN 


Shelli Development Company, Emeryville, California 


In a pipe reactor axial mixing results in a distribution of residence times of fluid elements in 
the reactor. Taylor and others have discussed methods of predicting the extent of axial mixing 
for isothermal flow in pipes; however, in a reactor the heat of reaction and its supply or removal 
at the wall can cause significant radial variation of temperature and temperature-dependent 
physical properties. Thus the velocity profile in a reactor may differ from that in a pipe through 


which fluid flows at constant temperature. 


This paper presents an analysis of the effects of radial temperature variations on effective 
axial diffusion coefficients. In laminar flow it is found that radial temperature variation may 
increase or decrease the effective diffusivity two- to threefold from that calculated for iso- 
thermal flow. At Reynolds numbers greater than 10,000 the diffusivity calculated for constant 
temperature flow does not differ significantly from that for flow through a reactor tube (with 
radial temperature variation) at the same Reynolds number, calculated with the viscosity eval- 
uated at the wall temperature. In turbulent flow at Reynolds numbers less than 10,000, the 
effect of radial temperature variation is important but can be estimated only roughly. 


The flow of fluid through a straight 
pipe is accompanied by mixing in the 
axial direction. Axial mixing results 
primarily from variation of the fluid 
velocity over the pipe cross section and 
is opposed by radial processes (molecu- 
lar and eddy). In a pipe reactor axial 
mixing results in a distribution of resi- 
dence times of fluid elements flowing 
through the reactor. 

Taylor (2, 3), considering both 
theoretically and experimentally the 
process of axial dispersion in a fluid 
Howing through a pipe in either lami- 
nar or turbulent isothermal flow, 
showed that for sufficiently long pipes 
the dispersion may be successfully 
treated as apparent axial diffusion 
about a plane moving through the pipe 
with the fluid mean velocity. Tichacek, 
Barkelew, and Baron (4) improved 
upon Taylor’s treatment of axial mixing 
in isothermal turbulent flow, using 
more exact experimental velocity pro- 
files. They noted the sensitivity of the 
calculated apparent axial diffusivity to 
small changes in the fluid velocity pro- 
file. 

In chemical reactors heat genera- 
tion (or consumption) by the reac- 
tion(s) and cooling (or heating) of the 
pipe walls create significant radial tem- 
perature gradients, which in turn may 
result in radial variations of physical 
properties of the flowing fluid sufficient 
to cause important differences between 
the velocity profile in the reactor and 
that anticipated for isothermal flow. If 
the velocity profile is changed, the 
apparent axial diffusivity will also be 
affected. This paper presents the re- 
sults of an investigation to determine 
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under what flow conditions such radial 
temperature gradients may have an im- 
portant effect on the rate of axial mix- 
ing and to formulate methods of calcu- 
lating the magnitude of the effect of a 
temperature gradient on the apparent 
axial diffusivity for arbitrary flow and 
heat-generation conditions. 

The investigation has been limited 
to cases in which the fluid flowing is a 
liquid. In such cases the primary effect 
of a radial temperature gradient on 
axial mixing is through its effect on 
the viscosity, since other physical prop- 
erties of the liquid are much less sen- 
sitive to temperature change than the 
viscosity. Effects of temperature on the 
molecular diffusivity and the fluid den- 
sity have been neglected in this study. 


CALCULATION METHODS 


The general method employed has 
been the calculation of the effective 
axial diffusivity for a particular flow 
condition in which the fluid is isother- 
mal and subsequently the calculation 
of the value of E for a similar flow with 
radial temperature variation. The ratio 
of the two values calculated is a 
quantitative measure of the effect of 
the imposed temperature gradient on 
the rate of axial mixing under this flow 
condition. 

The effective axial diffusivity is de- 
fined as 


(1) 


Ox 


Q 


The equation relating the effective 
diffusivity to the velocity profile and 
radial diffusivity 
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(u—V)r'dr’}’dr, (2) 


has been derived by Tichacek, Barke- 
lew, and Baron (4). it is necessary to 
know uw and « as functions of r in order 
to evaluate E. 


Laminar Flow 
In pure laminar flow 


e(r) =0 (3) 
and if the flow is also isothermal, 
u(r) = 2V(1—?r/a@) (4) 


With a radial variation in viscosity the 
radial velocity gradient is related to 
the wall shear stress and the viscosity: 


du twr/a (5) 
dr 
In the calculation of velocity profiles 
it was assumed that 
1. The temperature is either para- 
bolic in radius (corresponding to uni- 
form distribution of heat source or 
sink due to reaction) or quartic in 
radius (corresponding to a parabolic 
distribution of sources or sinks). 
2. The relationship between tem- 
perature and viscosity is of the form 


K 
B+T(r) 


(6) 

3. The temperature is independent 
of axial position. (The heat transfer 
rate at the wall was equal to the heat 
generation rate in the fluid.) The vel- 
ocity profile could then be calculated; 
from 
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u= [B+ T(r) (7) 


The effective axial diffusivity calcu- 
lated by the use of the velocity profile 
generated by Equation (7) differed 
trom that calculated for the same flow 
at constant temperature by a multipli- 
cative factor involving the two con- 
stants which characterize the assumed 
quartic temperature profile. 

The assumed viscosity-temperature 
relationship, Equation (6), was se- 
lected because it provided an adequate 
fit (with + 0.5 % over an 80°F. range) 
to handbook data (5) on the viscosity 
of water. Subsequent comparison with 
viscosity data for liquids of much 
higher viscosity showed that Equation 
(6) was less satisfactory for these 
liquids; however, calculated effective 
axial diffusivities were found to be 
relatively insensitive to changes in 
radial temperature (and viscosity) pro- 
files. Hence the temperature-viscosity 
relationship need not fit viscosity data 
well in order that axial diffusivities 
may be estimated satisfactorily. 


Turbulent Flow 


In turbulent flow the velocity gradi- 
ent is related to the viscosity and 
momentum eddy diffusivity: 


du Twt/a 
(8) 
dr u(r) + €(r)p 
Empirical equations for e(r), given by 
Deissler (1) for fully developed turbu- 
lent flow through smooth tubes, were 
used: 


«= nu(a—r) | | 


and 


in which n and N are constants, de- 
termined by Deissler as 0.124 and 0.36 
respectively. 

Equation (9) applies in the region 
near the wall where viscosity is im- 
portant in determining the velocity 


profile: 


Twp 


0<y* < 26; y* = 
Pew 


(11) 


Equation (10) is applicable in the cen- 
tral turbulent core, for y* greater than 
26. 
To calculate a velocity profile, Equa- 
ptions (8) and (9) were combined in 
form 
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du* 


Equation (11) was numerically inte- 
grated from the wall to y* of 26 by the 
use of an assumed value of a‘, and 
Equation (6) and a parabolic tempera- 
ture profile were numerically integrated 
to generate values of u(r). 

For the region of y* greater than 26, 
Equations (8) and (10) were com- 
bined, dropping the effect of viscosity 
from Equation (8). The resulting 
equation, in terms of dimensionless 
variables, may be solved analytically 
for a velocity profile involving the posi- 
tion z,, velocity u*,, and velocity gradi- 
ent (du*/dz),, at which y* = 26: 


u’— ut, = 1/N 
A-— Vz 


(13) 
A= 1/2N(du‘/dz), (14) 


The region at the extreme center of the 
pipe 
0<z< 0.380 =z (15) 
was fitted by a parabolic velocity dis- 
tribution. This eliminated subsequent 
difficulties which would have arisen 
because the eddy diffusivity corre- 
sponding to Equation (13) becomes 
zero when z is zero. It is justified in 
this calculation because the contribu- 
tion of this region to the axial diffusiv- 
ity is very small. In the region defined 
by Equation (15) the velocity profile 
was given by 


4Nz.(A — 


+ 
u—u, = 


(16) 


The three sections of the velocity 
profile, Equations (16), (13), and the 
integral of Equation (12), were nu- 
merically integrated to obtain the 
mean velocity: 

Vi = 2dz (17) 

In the calculation of the effective 
axial diffusivity the assumption was 
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Pw 
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Fig. 1. Effective axial diffusivities for laminar 
flow of liquids in smooth tubes. 


A.1.Ch.E. Journal 


dz = B(T)/pw + (1 — 2) (n’u‘a*) {1 — exp[— n*u‘a* (1 —z) ]} 


(12) 


made that the eddy diffusivity for mass 
transfer was equal to that for momen- 
tum transfer. For the three regions of 
the velocity profile the diffusivities for 
radial mass transfer were then 

€p 1 


1 
— = — 4+ ru'a' (1 
Nse Ns. ( 


{1 — exp[— (1 —z)]} 


for 0 < y* < 26 


(18) 


in which Ns. is the Schmidt group 
Pw/pD: 
Ep 
Hw 
for 26 < y* and z > 0.3 


-=2Na‘z(A—z) (19) 


€p 
— =0.6Na'(A— 0.3) (20) 
Mew 

for0<z< 0.3 


Equation (2) was put into the dimen- 
sionless form 


(ut/V* — 1)z'dz’}’ dz (21) 


with 
€p 1 
Ns- 


and 
for (23) 
bw 


The indicated integrations were car- 
ried out numerically to obtain a value 
of E/DV for the value of a* and the 
temperature profile used in the calcu- 
lation. 

Six values of E/DV were calculated 
for isothermal flow with a’ equal to 
130, 260, and 650, each with Schmidt 
numbers of 100 and 1,000. 

Deissler’s values for n and N apply 
strictly only for fully developed turbu- 
lent flow. For the transition region 
some adjustment is necessary to make 
Equation (12) fit the known velocity 
profiles (4). n = 0.0933 and N = 
(0.279 were found to be suitable for a 
— 130 and were used in all calcula- 
tions for this case. Deissler’s values of 
0.124 and 0.36 were retained in cal- 
culations at higher Reynolds numbers. 

At a‘ of 130 and 650 E/DV was cal- 
culated for flow with parabolic tem- 
perature profiles such that the ratio of 
the viscosity at the center line to that 
at the wall was 0.1 and 10.0. Each 
calculation was made at Schmidt num- 
bers of 100 and 1,000. 
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RESULTS 


Laminar Flow 

For isothermal laminar flow the re- 
sult given by Taylor (2) may be put 
into the form 


DV 192 192 


(24) 


For nonisothermal flow the ratio (E/ 
DV) nontsothermar/ (E/DV) isothermal 1S CON- 
veniently expressed as a function of 
some characteristic of the radial viscos- 
ity profile. In Figure 1 this ratio is 
plotted vs. 4/pw, the ratio of the vis- 
cosity of the fluid at the mixed mean 
temperature to the viscosity at the wall 
temperature. The effective axial diffu- 
sivity is relatively insensitive to the 
actual temperature profile. Calculated 
values for the extreme quartic tem- 
perature profiles (no reaction at the 
walls or no reaction at the center) lie 
within + 10% of the curve in Figure 1 
drawn through values calculated for 
parabolic temperature distributions 
(uniform heat generation or consump- 
tion over the pipe cross section). 

Figure 1 shows that as the ratio p/ 
iw decreases, corresponding to extreme 
heat generation by reaction in the fluid 
and a high cooling rate at the walls, 
the effective axial diffusivity increases 
toward a limiting maximum approxi- 
mately 2.6 times its value for compar- 
able isothermal flow (at the same Pec- 
let number for molecular diffusion). At 
the other extreme, with heat consump- 
tion in the liquid and heating at the 
pipe wall, E decreases toward zero as 
a limit. 

The most important limitation on 
the applicability of Figure 1 is in the 
regions of very high or very low values 
of u/p, where it is anticipated that 
the viscosity-temperature relationship, 
Equation (6), is no longer appropriate. 
If a value of E/DV is required for such 
conditions, it is recommended that it 
be determined by integration from 
Equations (2) and (5) by means of a 
parabolic temperature profile and an 
empirical viscosity-temperature _ rela- 
tionship appropriate to the system be- 
ing considered. 


Turbulent Flow 

Effective axial diffusivities were cal- 
culated at two values of the friction 
velocity Reynolds number, a* = 650 
and 130. For each value E/DV was 
calculated for Ns. of 100 and 1,000 
with ratios of viscosity at the wall to 
viscosity at the center line of 0.1, 1.0, 
and 10.0. Figure 2, foi Ns. = 1,000, 
compares the values of E/DV calcu- 
lated for nonisothermal flow with curves 
based on values of E/DV calculated by 
Tichacek, Barkelew, and Baron (4) for 
isothermal turbulent flow. The abscissa 
is the usual pipe-flow Reynolds number 
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Fig. 2. Effective axial diffusivities for turbulent 
flow of liquids in smooth tubes at Schmidt 
number of 1,000. 


DV p/p, with the viscosity evaluated at 
the wall temperature. 

For Reynolds numbers greater than 
10,000 E/DV is not significantly af- 
fected by radial temperature gradients. 
The nonisothermal points in Figure 2 
at N,. of 20,000 to 25,000 deviate 
from the isothermal curve by only 3 to 
6% in E/DV, much less than the 20 to 
30% uncertainty associated with the 
calculation of E/DV for isothermal 
flow. Similar results were obtained for 
Ns. of 100. Therefore Tichacek, Barke- 
lew, and Baron’s values of E/DV are 
recommended for turbulent flow at 
Reynolds numbers greater than 10,000, 
even though the heat generated by re- 
action causes significant radial varia- 
tions in viscosity. In the selection of 
the value of E/DV the Reynolds num- 
ber with the viscosity evaluated at the 
wall temperature should be used. 


Transition Region 

In flow with a radial temperature 
gradient it is not possible to character- 
ize the transition between laminar and 
turbulent flow by a narrow range of 
Reynolds numbers. Temperature distri- 
butions with minimum viscosity at the 
wall stabilize laminar flow, and those 
with maximum viscosity at the wall 
tend to decrease the stability of lami- 
nar flow. 

The points in Figure 2 at Reynolds 
numbers between 3,500 and 5,000 lie 
in a region in which either laminar flow 
may prevail or else the effect of the 
laminar sublayer region of the pipe is 
important in determining E/DV and 
thus the effect of the temperature 
gradient on the level of turbulence in 
the flow cannot be estimated accur- 
ately. These values of E/DV were cal- 
culated on the assumption that the flow 
is turbulent and that Equations (9) 
and (10) are applicable with the same 
values of the constants n and N that 
were used in calculating E/DV for iso- 
thermal flow. For the case in which 
heat is generated in the liquid and the 
walls are cooled, the calculated E/DV 
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is larger than the true E/DV. In the 
alternate case the calculated E/DV is 
probably less than the true value. 


NOTATION 


A = constant characteristic of a 
turbulent velocity profile 

a = pipe radius 

a = dimensionless 

= a constant 

= area mean concentration 

pipe diameter 

= molecular diffusivity 

= effective axial diffusivity 

= a constant 

= a constant 

a constant 

= Peclet number, DV/D 

re = Reynolds number, DVp/p 

= Schmidt group, pD 

Q = net transport of solute past 
reference plane moving with 
velocity V 

r = radial coordinate 

u = time-average velocity at a 
point 

u* = dimensionless local velocity, 


u/\/tw/p 

V = mean _ velocity 
cross section 

= dimensionless mean velocity 

x = axial distance from a refer- 
ence plane moving with vel- 
ocity V 

y = dimensionless distance from 
wall (a—r)\/twp/pw 

Zz = dimensionless radial coordi- 
nate, r/a 


radius 


pipe 


> 


I 


over 


pipe 


Greek Letters 


a = total radial diffusivity 

€ = coefficient of eddy transport 

p = density 

Tw = wall shear stress 

mn = local viscosity 

» = viscosity at mean fluid tem- 
perature 

bo = viscosity at temperature at 
pipe center line 

bw = viscosity of fluid at the wall 
temperature 
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General Short-cut Equation for 
Equilibrium Stage Processes 


BUFORD D. SMITH and W. K. BRINKLEY 


Humble Oil and Refining Company, Baytown, Texas 

An equation for the prediction of the separation of a multicomponent mixture in equilibrium 
stage processes is presented. The equation is applicable to extraction processes with up to three 
feeds (an intermediate feed, a feed at the extract end, and the solvent feed at the raffinate 
end) and both raffinate and extract reflux. In its simplest form (simple extraction, stripping, 
or absorption) the equation reduces to the familiar Kremser equation. The use of the equation 
to solve multicomponent distillation and extraction problems is illustrated by examples. 


Shortcut methods for the approxi- 
mate solution of multicomponent, mul- 
tistage, separation problems continue 
to serve useful purposes even though 
computers are available to provide 
rigorous solutions. In some problems 
the available equilibrium data may not 
be sufficiently accurate to justify the 
longer rigorous methods. In design 
studies a large number of cases can be 
worked quickly by a short-cut method 
to pinpoint the optimum conditions 
and then the exact solution found by 
some longer rigorous method. Such a 
procedure saves valuable computer 
time, since the time required for the 
rigorous method usually exceeds that 
for the short-cut method by a factor of 
ten or more. If a computer is not avail- 
able, the designer usually must rely on 
the short-cut method alone. 

This paper presents an analytical 
short-cut equation which is applicable 
to all equilibrium stage processes with 
any number of stages and handling any 
number of components. It is derived 
for an extraction column with three 
feeds (an intermediate feed, a feed at 
the extract end, and the solvent feed 
at the raffinate end) plus both raffinate 
and extract reflux, and it takes into ac- 
count the degree of separation ob- 
tained for each component in the ex- 
tract solvent recovery device. The 
complex equation for this complicated 
process reduces to correspondingly 
simpler expressions for operations 
which have fewer feeds and refluxes. 
Alders (1) and Tiller (12) have pre- 
sented some of the simpler forms for 
extraction. In the case of a simple ab- 
sorption or stripping column, the equa- 
tion reduces to the familiar Kremser 
(6) equation. The forms for distillation 
and the more complicated extraction 
processes have not appeared before in 
the literature. 


NOMENCLATURE 


This section also applies to the next 
article in this issue. 

Standard chemical engineering sym- 
bols (11) are used for the streams and 


Buford D. Smith is 
Lafayette, Indiana. 


Page 446 


at Purdue University, 


concentrations. Standard usage re- 
quires that extract and raffinate con- 
centrations be denoted as x and y re- 
spectively. This convention permits the 
same equations to be written for ex- 
traction as for distillation, absorption, 
and stripping. 

The convention of numbering the 
stages from the bottom for the vapor- 
liquid processes (distillation, absorp- 
tion, and stripping) and from the 
extract end for extraction is used in 
this paper. For the sake of uniformity 
an extraction column or train will al- 
ways be depicted with stage 1 (extract 
end) at the bottom regardless of the 
actual direction of flow. In those ex- 
traction problems, where the extract is 
actually the lighter phase, the phrase 
stages below the feed stage should be 
interpreted as stages between the feed 
stage and the extract end. 

Figure 1 is a sketch of the most com- 
plicated process considered. Note the 
use of N to designate the total number 
of stages and the use of M to denote 
the number of stages below the feed 
stage. The intermediate feed stage is 
designated as the M + 1 stage. 


STATEMENT OF PROBLEM 


This section also applies to the next 
article in this issue. 

The number of design variables 
which must be specified by the de- 
signer of a multicomponent, multi- 
stage, separation process can be calcu- 
lated by the method of Kwauk (7). In 
the solution method described in this 
paper the following variables are al- 
ways specified: pressure in each stage; 
heat leak in each stage; the rate, tem- 
perature, pressure, and composition of 
all feed streams (including the sol- 
vent); total number of stages; and 
number of stages below the feed. In 
the case of an extraction process with 
extract reflux, it is also always neces- 
sary to specify g for each component 
in such a manner as to ensure a single 
phase extract product and reflux. 

In addition to the variables which 
are always specified, it will be neces- 
sary to specify certain of the following: 
reflux ratios, product rates, maximum 
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phase rates within the column or train, 
recovery of certain components, heat 
load in reboiler or condenser, and tem- 
perature at some point. Once the cor- 
rect number of design variables has 
been specified, the complete set of 
product rates and compositions can be 
calculated. 


This manner of defining the problem 
has the disadvantage of not permitting 
the direct calculation of the required 
solvent-to-feed ratio or the number of 
stages required to obtain a desired 
separation or product purity, but it 
does simplify the convergence problem 
when a computer is used. If a new 
column is being designed, several cases 
must be calculated with specified sol- 
vent-to-feed ratios, number of stages, 
and reflux ratios until the desired sepa- 
ration or purity is obtained. However 
most design problems involve the study 
of several cases to define the optimum 
conditions for economic appraisal, and 
therefore the reliance on the case-study 
approach is not a serious drawback. If 
desired, the short cut calculation pro- 
cedure can be rearranged to give N 
and the solvent rate directly, but this 
is not covered in this paper. If the per- 
formance of an existing unit is being 
studied, the designer usually will have 
no control over the first five specifica- 
tions and the above method of defining 
the problem is the only possible one. 
Also this approach eliminates the need 
of worrying about minimum solvent 
treats and minimum refluxes. 


REPRESENTATION OF EQUILIBRIUM 
DATA 


The equilibrium data is utilized in 
the form of the distribution coefficient 
K = y/x. In the short-cut equations 
the K’s always appear as part of the 
stripping factors S, or S,. Ternary 
liquid-liquid data can be represented 
by plotting the K’s vs. the concentra- 
tion of any one of the three compo- 
nents. Quaternary liquid-liquid data 
can be represented satisfactorily by 
plotting the K’s vs. the major solvent 
component (lowest K values) with 
concentration parameters of the com- 
ponent which has the next lowest K 
values. The correlation of the K values 
vs. two phase concentrations is justified 
by the phase rule. A four component, 
two phase systems (a vapor phase can- 
not exist if the system pressure 1s 
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reater than the vapor pressure of the 
liquid phases) has a variance of four. 
Once the temperature and pressure are 
specified, the specification of two- 
phase concentrations is sufficient to de- 
fine one unique state of the system and 
fix all the distribution coefficients. 
Work is underway to develop a general 
correlation scheme for nonideal solu- 
tim systems having more than four 
components, and it is hoped that the 
results will warrant future publication. 


SHORT-CUT EQUATION* 


The material presented below indi- 
cates the general method of attack. 

The calculus of finite differences can 
be used to relate the concentration of 
any given component to the stage 
number. The distribution coefficient 
and the phase rates must be assumed 
constant within the column section un- 
der consideration if a simple analytical 
solution of the difference equation is 
desired. If these assumptions are made, 
the following equations can be written 
for each component. For the upper (or 
raffinate ) end 


For the lower section (or extract) end 
Xm C, (2) 


Eliminating the constants in Equations 
(1) and (2) by component balances 
around stages N and 1 respectively, 
and then combining the two equations 
with a component balance around the 
feed stage, one gets the following gen- 
eral expression for the process pictured 
in Figure 1: 


f= 


or absorption process having only one 
feed and no refluxes, (R = R’ = F’ = 
qe = M = zero and S, = S,), Equa- 
tion (3) reduces to the following form 
of the Kremser equation: 


1 — (1—q.) 


= (4) 


For a component entering only in the 
feed q, = 0, and 
1—S* 


(4a) 


If q. = 1.0, the component enters only 
in the solvent, and 


1—S 


= (4b) 
The expression for an_ extraction 
process with one feed and raffinate re- 


flux is also quite simple. For q, = 0 


(5a) 
For gq, = 1.0 
1-$+R(1—S) 
1—S** 4+ R(1—S) 
(5b) 


Casual inspection of Equations (5a) 
and (5b) might indicate that the use 
of raffinate reflux affects the recovery 
of a given component. However as R 
changes, the stripping factor must also 
change, and the net result is no change 
in f. This can be easily demonstrated 
for a one-stage process. The represen- 


+ qe + R(1—S,) + (1—Sa™) 


(1—S,*"") + AS,*-"(1—S,,.") + R(1—S,) + n( 


Equation (3) predicts the fraction of 
any given component which will be 
recovered at the lower (or extract) end 
of the column. The fractional re- 
coveries of the various components will 
vary as their respective stripping fac- 
tors vary. At S = 1.0, Equation (3) 
and all of its simpler forms take on the 
indeterminate form 0/0. The value of 
fat S = 1.0 is found by differentiating 
the numerator and denominator and 
evaluating the new fraction thus ob- 
tained. 

For processes simpler than the one 
pictured in Figure 1 the applicable 
form of Equation (3) is correspond- 
ingly simpler. For a simple extraction 


*The complete derivation is available as 
document 6352 with the American Documenta- 
tion Institute, Photoduplication Service, Library 
of Congress, Washington 25, D. C., and may be 
obtained for $1.20 for photoprints or for 35-mm. 
microfilm. 


Vol. 6, No. 3 


1+R’ 


1+gR’ 


(3) 


tative phase rates to be used in the 
calculation of the stripping factor for 
one stage are the equilibrium phase 
rates leaving the stage. 

Whenever an intermediate feed is 
involved, S, does not equal S,, and 
average stripping factors for each com- 
ponent must be estimated for both sec- 
tions of the column. The applicable 
forms of Equation (3) and a method 
of obtaining average stripping factors 
for each section are illustrated in the 
example problems for an_ extraction 
process with extract reflux and a dis- 
tillation process with total condenser 
and a partial reboiler. 

The correct stripping factors for any 
given component are, of course, those 
which predict the correct recovery for 
that component under the specified 
column conditions. A_ trial-and-error 
procedure is required to closely ap- 


A.1.Ch.E. Journal 


proximate the correct recovery. Aver- 
age K values are assumed for each 
component, and these are combined 
with a set of assumed or specified 
phase rates to provide the initially as- 
sumed stripping factors. The stripping 
factors are used with the appropriate 
form of Equation (3) to predict a re- 
covery, f, for each component. The re- 
coveries are used to calculate better 
approximations of product rates and 
compositions. A new set. of K values 
are obtained from the new end compo- 
sitions and are combined with the new 
stream rates to provide the stripping 
factors for the next trial. 

Convergence is rapid, and two trials 
are usually sufficient if the initial as- 
sumptions are of the correct order of 
magnitude. If the initially assumed 
rates differ widely from the rates cal- 
culated in the first trial, it is necessary 
in some cases to repeat the first trial 
with the same set of K values and 
more reasonable rate assumptions. The 
extraction example presented later il- 
lustrates the effect of poor, initial prod- 
uct-rate assumptions on the speed of 
convergence. The initially assumed ex- 
tract product rate was off by a factor of 
20 (50 compared with 2.5), but three 
trials were sufficient to obtain satisfac- 
tory convergence. 

In computer-logic terms the solution 
of Equation (3) involves two major 
loops. The first, or inside, loop calcu- 
lates the set of stream rates and end 
compositions which correspond to the 
set of assumed K values. Complete 
convergence can be obtained in this 
loop if desired; that is there is only one 
set of rates and compositions for any 
given set of assumed K’s. The second, 
or outside, loop uses the compositions 
obtained in the first loop to calculate a 
better set of K values and then returns 
the calculations to the first loop. Con- 
vergence is not so well defined in the 
outside loop. Each correction in the K 
values results in a subsequent correc- 
tion in the next trial in the same direc- 
tion, and if too many trials are made, 
the solution may gradually drift away 
from the correct one. 

Solution time is shortened in strip- 
ping, absorpticn, and extraction calcu- 
lation by making « mty one trial for each 
set of K values. Complete convergence 
in the inside loop is never desired in 
distillation calculations if the product 
rates are specified. The K values are 
adjusted after every trial until the rate 
specifications are met. 


APPLICATION TO DISTILLATION 


The form of Equation (3) applica- 
ble to a distillation column with a total 
condenser is obtained by setting q. = 
qr = R’ = g = 0 and combining the 
second and fourth terms in the denom- 
inator to give 
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TABLE 1. COMPARISON WITH GRAPHICAL SOLUTION RESULTS 


FOR Two TERNARY EXTRACTION SYSTEMS 


Comparison I 


Process: One feed. No reflux. Eight stages. 
System: Acetone (A)—Chloroform (C)—Water (S) at 25°C, 

Range of K’s: A = 1.8-3.7 C = 35-143 S = 0.009-0.028 

Method B D Ka Xe Xs Ya Yc Ys 
Graphical 204.1 52.4 0.221 0.015 0.764 0.090 0.900 0.010 
Analytical 199.3 57.2 0.211 0.009 0.780 0.139 0.841 0.019 

Comparison II 

Process: Two feeds. No reflux. | 5.4 stages. 
System: Acetone (A)——-Water (C)—Monochlorbenzene (S) at 25°C. 

Range of K’s: A = 0.93-0.99 C = 154-465 S = 0.0016-0.0027 

Method B D Xa Xo Xs Ya Yc Ys 
Graphical 141.2 89.6 0.140 0.006 0.854 0.010 0.989 0.001 
Analytical 140.8 90.0 0.139 0.005 0.856 0.011 0.987 0.002 

1—S,*") + R(1—S, 
ps ( ) ( ) (6) 


Note that Equation (6) is the equa- 
tion written earlier for an extraction 
column with one feed and raffinate re- 
flux but with an additional term in the 
denominator to take into account the 
second section of the column present in 
a complete distillation column. 

Equation (6) is applicable to distil- 
lation columns having either a partial 
reboiler or heat input to the bottom 
plate. The lowest equilibrium stage 
must always be numbered one regard- 
less of whether it is a partial reboiler 
or the bottom theoretical plate. Equa- 
tion (6) is not strictly applicable to a 
column with a partial condenser since 
it ignores any possible difference be- 
tween the overhead and reflux compo- 
sitions. However the effect of a partial 
condenser can be closely approximated 
by increasing N by 1.0. 

The distillation problem, particularly 
if it concerns an existing column, is 
conveniently defined by specifying dis- 
tillate rate, D/F; maximum allowable 
vapor rate, V/F, at some point in the 
column; and condenser load equal to 
the latent heat of condensation of Vy 
in addition to the first five specifica- 
tions listed in Statement of Problem. 

If ideal solutions are assumed, the 
K values are functions of temperature 
only at the specificdstower pressures. 
Estimation of the K values therefore 
reduces to the estimation of the tem- 
perature profile. Good initial estimates 
of the top and bottom temperatures 
are obtained by splitting the feed in a 
reasonable manner and performing 
dew- and bubble-point calculations on 
the resulting overhead and_ bottom 
streams. The feed tray temperature 
can be estimated roughly by a bubble- 
point, dew-point, or flash calculation on 
the feed depending upon the thermal 
condition. However it is easier, and 
often as accurate, to read the initially 
assumed feed tray temperature from a 
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straight line drawn between the as- 
sumed top and bottom temperatures. 

The liquid and vapor rates are as- 
sumed to be constant within any col- 
umn section, and their values are fixed 
by the specification of the feed, maxi- 
mum vapor rate, distillate rate, and 
the thermal condition of the feed. 
Since the phase rates remain constant 
from trial to trial, the stripping factors 
can be varied only by changing the K 
values. This is done by adjusting the 
temperature profile. The top and bot- 
tom temperatures cannot be adjusted 
arbitrarily since they must always cor- 
respond to the dew and bubble points 
of the overhead and bottom streams 
respectively. The iteration variables 
therefore reduce to one, the feed tray 
temperature. The calculator must ad- 
just this temperature until the vapor- 
and distillate-rate specifications are 
met. This method of calculation is 
analogous to the technique of a column 
operator who adjusts the control tray 
temperature until the column is loaded 
or until the product specifications are 
met. 

Consider as an example the follow- 
ing typical plant problem. A bubble- 
point feed which contains 5% C;, 15% 
i-C,, 25% n—-C,, 20% i-C;, and 35% 
n—C, is to be fed to a column with ten 
theoretical stages, feed on the sixth 
stage from the bottom, a total con- 
denser and a maximum top vapor 
capacity of about 1.75 times the amount 
of feed to be charged. The column 
pressure is 120 lb./sq. in. abs. Curves 
which relate the losses of n—C, and 
i-C, in the bottom and overhead prod- 
uct streams respectively to the over- 
head rate must be developed to serve 
as a basis for economic calculations to 
pinpoint the optimum overhead rate. 

Only one point on the curves (at 
D/F = 0.489) will be considered. 
Specification of D/F and the limitation 
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of Vx/F to 1.75 fixed the phase rates 
per 100 moles of feed at V = V’ = 
175, L = 126.1, and L’ = 226.1 Also 
B = 51.1 and R = 2.581. The initially 
assumed temperature profile based on 
bubble-and dew-point calculations as 
described previously was 165°F. at the 
top, 185°F. at the feed, and 236°F, at 
the bottom. Average K values for each 
section were evaluated at the arithme- 
tic average temperature for that sec- 
tion. The 165-185-234°F. (top-feed- 
bottom) profile resulted in calculated 
Vy and D rates of 162.3 and 42.5 re- 
spectively compared with the specified 
values of 175 and 48.9. The assumed 
temperature profile for the second trial 
was 165-210-236°F., and Vy and D 
rates of 177 and 49.5 were calculated. 
Once the specifications have been ap- 
proached this closely, the calculated 
end compositions can be used to pro- 
vide better end temperatures, by means 
of dew- and bubble-point calculations, 
The final temperature profile (third 


trial) was 163.5-210-234°F., and this | 


profile met the Vy and D specifications 
exactly. A rigorous computer solution 
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Fig. 1. Process variables and nomenclature. 
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of the same problem by the Thiele- 
Geddes method (8) provided tempera- 
tures of 166°, 202°, and 234°F. for the 
top, feed, and bottom stages. The 
rigorous solution predicted the re- 
covery of nC, and iC; in the overhead 
as 92.5 and 17.9% respectively. Equa- 
tion (6) predicted 90.5 and 17.9%. 
The major advantage of Equation 
(6) over other short-cut distillation 
equations (3, 5) is that it provides a 
good estimate of the feed tray tem- 
perature as well as the end tempera- 
ture. Knowledge of the intermediate 
temperature permits the estimation of 
average K values for each section rather 


o-RIGOROUS RESULTS 
(SEE NEXT ARTICLE ) 
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Fig. 2. Partial summary of results from short- 

cut solution of extraction example. Values at 

zero trial number are the initial assumptions. 

Circles at trial number three are results from 

tigorous method described in next article in 
this issue. 
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than for the entire column. Also the 
three point temperature profile is help- 
ful if the short-cut results are to be 
used as the initial assumptions for a 
rigorous computer solution. Another 
advantage of Equation (6) is that it 
makes its predictions at a specified re- 
flux ratio rather than at total or mini- 
mum reflux. Probably the most widely 
used short-cut distillation method at 
the present time involves a combina- 
tion of the Fenske total reflux equation 
(3), the Underwood minimum reflux 
equations (14), and the Gilliland (4) 
correlation. This method does not pro- 
vide an estimate of the feed tray tem- 


water and acetic acid in L, were re- 
covered in S,; and that 1% of the ace- 
tone and chloroform in L, appeared in 
The solution of this problem by 
graphical means (9, 10, 13) is difficult 
and time consuming, but it can be ap- 
proximated easily through the use of 
Equation (3). Also Equation (3) can 
be applied to a system of any size, 
whereas graphical methods are re- 
stricted to a maximum of four compo- 
nents. 

Since R = F’ = qr: = 0 and N and 
M equal 5 and 2 respectively, Equa- 
tion (3) reduced to 


+ 


f= 


(1—S*,,) + hS*, (1—S’n) + n( 


perature and when applied to the 
above example predicts the nC, and iC, 
recoveries in the overhead product as 
96.5 and 17.1% respectively. 


APPLICATION TO EXTRACTION 


Immediately after its derivation the 
correctness of Equation (3) was 
checked by solving several ternary ex- 
traction problems and comparing the 
results with graphical solutions. To con- 
serve space only two of the compari- 
sons are shown in Table 1. The agree- 
ment is good and substantiates the 
validity of Equation (3). 

In extraction calculations it is not 
usually convenient to specify the prod- 
uct rates. Therefore the rates become 
iteration variables and vary from trial 
to trial as the K values are changed. 
Also ideal solutions cannot be assumed, 
and the K values must be calculated as 
a function of the phase compositions. 
The relations between the K’s and the 
phase compositions are not linear, and 
an average K for a column section 
should be obtained by averaging sev- 
eral K values evaluated at various 
typical stage compositions along the 
section. 

The application of Equation (3) to 
extraction calculations will be illus- 
trated by the calculation of the re- 
covery of acetone (20 wt. %) from 
chloroform (80 wt. %) with a mixed 
solvent composed of water (65 wt. % ) 
and acetic acid (35 wt. %). Experi- 
mental tie-line data at 25°C. for 
this system have been published by 
Brancker, Hunter, and Nash (2), and 
additional tie lines have been calcu- 
lated by Smith (10). A five-stage col- 
umn or train was specified with the 
feed introduced in the middle stage. A 
1:1 solvent-feed ratio was used, and in 
order to illustrate one of the more com- 
plicated forms of Equation (3) an ex- 
tract reflux ratio of R’ = 10 was speci- 
fied. It was assumed that 98% of the 
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1+R’ 


1+gR’ 


( 1—S.,) 


The individual K values for the first 
trial were obtained by an arithmetic 
average of all the experimental values 
available. To illustrate that the speed 
of convergence is little affected by the 
initial rates assumed, the feed was as- 
sumed to split equally between the 
overhead and bottom products, D and 
B. In all but very high solvent treat 
cases the extract phase rate can be as- 
sumed to vary linearly from the sol- 
vent, S = Lyu, to Ly. The raffinate 
phase raies were then calculated by 
material balances. Average phase rates 
for each section were obtained by aver- 
aging the phase rates at the ends of 
the section. Stripping factors for each 
component were then calculated from 
the average rates and K values for use 
with Equation (7) to predict the vari- 
ous component recoveries. 

The amounts of each component 
leaving each end of the column were 
calculated from the following defini- 
tions of f: 


Bxy + Sp xse = f(Fyr + + Sxs) 
(8) 

= (1 — f) (Fyr + F’ye- + Sxs) 
(9) 


The amounts of each component in B 
and L, were then obtained from the 
following component balances: 


]—g 
Bus = ( = ) (Bxe + Sz 
1+R’g 
(10) 
1+R’ 
= ( ) Br, (11) 


S 


The new end rates and compositions 
calculated from Equations (8) to (11) 
permitted the estimation of better val- 
ues of K, S,, and S,, for each compo- 
nent for the next trial. The trials were 
continued until the K values obtained 
from the results of one trial were es- 
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sentially the same as those obtained 
from the previous trial. Some of the 
calculated results are shown in Figure 
2. Note how erroneous the initially as- 
sumed rates were and how reasonable 
the results of the first trial were despite 
the poor assumptions. The K and K’ 
values from trial 3 agreed well enough 
with those from trial 2 to end the cal- 
culations. In fact, the calculations 
could have been stopped after any trial 
without serious error. Each trial in the 
example required about 2 hr. calcula- 
tion time. 

The open circles plotted at trial 3 in 
Figure 2 represent the results of a more 
rigorous calculation method described 
in the next paper. Note that the results 
of trial 2 agree better with the rigorous 
method results than do those of trial 3. 
This illustrates the previously men- 
tioned tendency of the short-cut method 
to drift away from the correct solution 
if too many trials are made. 

The accuracy of the results shown in 
Figure 2 was checked by the graphical 
method of Powers (9). The product 
rates and compositions along with all 
the stage compositions obtained by the 
rigorous method were located on the 
projection of the two-phase surface on 
the water-chloroform-acetic acid face 
of the tetrahedron. The difference 
points were located, and the five stages 
stepped off. The rigorous method re- 
sults agreed surprisingly well with the 
graphical construction considering the 
practical difficulties encountered in the 
accurate graphical representation of 
the phase-equilibrium data for a four- 
component system. 


EXTRACTION PROBLEMS WITH 
HIGH SOLVENT-TO-FEED RATIOS 


Two difficulties arise in problems 
with high solvent-to-feed ratios. First 
both the extract and raffinate rates un- 
dergo a large change through stage N 
if raffinate reflux is not used to pre- 
saturate the entering solvent. Care 
must be taken to ensure that the aver- 
age L and V used for the raffinate end 
of the column are reasonable. It may 
be better to use Vy, and Ly rather 
than D and S in the calculation of 
average rates in the raffinate end. A 
small error in estimating the large ex- 
tract rates can cause a large percentage 
error in the smaller raffinate rates and 
a corresponding error in the stripping 
factors. Second a very small error in 
the predicted f for a solvent component 
(low K and large f) will result in a 
large percentage error in D. For ex- 
ample in one system studied the f pre- 
dicted for component S was 0.9892 
compared with the correct value of 
0.9972. As a result the calculated con- 
centration of the solvent in D was 0.30 
compared with the correct value of 
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0.073. This difficulty can be simply 
corrected by checking the calculated 
solvent concentration in the raffinate 
against the solubility data and making 
the needed adjustment. This problem 
arises only with components which 
have low K values (solvent compo- 
nents), but it is, of course, possible to 
use the experimental solubility data to 
check the product concentration of any 
of the components. 


NOTATION 

A = total amount of component a 
entering the column 

B = heavy or extract product rate, 


moles, weight, or volume per 
unit time 

C,, C., = constant coefficients in 
solutions of difference equa- 


tions 

D = light or raffinate product rate, 
moles, weight, or volume per 
unit time 

E = operator in difference equation 

f = fraction of a given component 
which is recovered in B (or 
B + Sz in extraction) 

F = upper feed rate, moles, weight, 
or volume per unit time 

F’ = lower feed rate if only one 
feed is used, F’ = 0 and M = 
0 

g = S»Xse/Lix, = fraction of a 


given component in L, which 
is removed with S, 

h = (L — KV)/(L’ — K’V’) if in- 
termediate feed is similar to 
light or raffinate phase (Ky, 
= K). Use 


(L/K) —V 
(L’/K') —V’ 


if intermediate feed is similar 
to heavy or extract phase 


(Ky.1 = K’). If the column 
contains only one section, h = 
1.0 

K  =y/x = distribution coefficient. 


Primes denote lower or ex- 
tract section of column 


L = heavy or extract phase rate, 
moles, weight, or volume per 
unit time 

m  =subscript referring to any 


stage in lower or extract end 
of column (stages 1 to M) 
M =number of theoretical stages 
below the feed stage, M + 1 
n = subscript referring to any 
stage in upper or raffinate end 
of column (stages M + 2 to 


N) 
N  =total number of theoretical 
stages including partial re- 


boiler if any but excluding 
partial condenser if any 

q: = fraction of a given component 
which enters in the fresh sol- 
vent stream S 
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qr = fraction of a given component 
which enters in the lower feed 
F’ 

qr =1-—q. — qe = fraction of a 
given component which enters 
in the upper feed F 

R = external reflux ratio at top 
or raffinate end of column, 
amount of reflux/amount of 
product or — $)/D 

R’ = external reflux ratio at bottom 
or extract end of column, 
amount of reflux/amount of 
product or (V, — F’)/B 

S = fresh solvent rate, moles, 
weight, or volume per unit 
time, also S is used for strip- 
ping factor when S, = S,, 

S, | = solvent rich material recovered 
in the extract solvent recovery 
equipment, moles, weight, or 
volume per unit time 

S: = KV/L = component strip- 
ping factor in upper or raffi- 
nate end of column, with K, V, 
and L representative averages 
for the section 

Sn = K’V’/L' = component strip- 
ping factor in lower or extract 
end of column, with K’, V’, 
and L’ representative averages 
for the section 


V = light or raffinate phase rate, 
moles, weight, or volume per 
unit time 

x = concentration in heavy or ex- 


tract phase, units consistent 
with units on rates 

y = concentration in light or raff- 
nate phase, units consistent 
with units on rates 
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Rigorous Solution of 


Multicomponent, Multistage 


Extraction Problems 


BUFORD D. SMITH and W. K. BRINKLEY 


Humble Oil and Refining Company, Baytown, Texas 


A new rigorous calculation and convergence method for multicomponent equilibrium stage 
processes is presented, and the application to multicomponent, multistage extraction problems is 
described. The application to the vapor-liquid equilibrium stage processes is discussed briefly. 


The rigorous graphical solution of 
multicomponent extraction problems 
(2, 3, 5) is limited to four component 
systems. No well-known method exists 
at the present time for the rigorous 
solution of multicomponent extraction 
problems with more than four compo- 
nents in a manner analogous tu the 
complete solution of distillation prob- 
lems by the widely used Lewis-Mathe- 
son (1) and Thiele-Geddes (4) meth- 
ods. 

The calculation of any equilibrium 
stage process involves the same basic 
equilibrium relationships and mass and 
enthalpy balances. These basic rela- 
tionships however can be applied in a 
seemingly endless variety ef ways, and 
a method which works well for one 
process may not be the most conveni- 
ent method for another. For example a 
calculation and convergence method 
which functions well in distillation 
where the temperature profile is an 
iteration variable and a function of 
composition may not work at all for 
extraction problems where the tem- 
perature profile is specified and the 
stage temperatures cannot be adjusted 
to make or = 1.0. 

This paper presents a general calcu- 
lation and convergence procedure for 
all equilibrium stage processes. The 
new method is applied specifically in 
this paper to multicomponent, multi- 
stage extraction problems. The appli- 
cation of the method to distillation, ab- 
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sorption, and stripping calculations is 
under investigation. 


DERIVATION OF ERROR 
(OR CONVERGENCE) EQUATION 


The stage-to-stage calculation method 
described in this paper for extraction 
begins with the assumption of an L, 
composition and the phase-rate profiles 
through the column. A stage-by-stage 
calculation up the column provides a 
calculated composition of the fresh sol- 
vent based on the L, composition and 
rate profiles assumed. The differences 
(or errors) between the component 
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Fig. 1. Results of the four iterations. Conver- 
gence is obtained when = x: = 1.0 or when 
the calculated L; equals the assumed Li. 
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concentrations in the calculated solvent 
composition and those specified in the 
problem statement are then used to 
correct the assumed L, composition 
and rate profiles for the next trial. An 
equation which relates the error in a 
calculated solvent concentration to the 
error for the same component in the 
assumed L, composition can be de- 
rived in the following manner. 

Define y, and x, as the correct con- 
centrations for the given component in 
the raffinate and extract phases leaving 
stage n. The calculated concentrations 
in all but the last trial will differ from 
these correct values. Denoting the dif- 
ferences between the calculated and 
correct values by é@», and éz, one can 
write the following equalities for each 
component: 


Calculated raffinate concentration 
= Yn + Cyn 

Calculated extract concentration 
= Xn + Or 

For any given component in stage | 
y= Kix 

yi + = + 
Cn = (yi t+ Cn) — = Kien 


The use of a material balance around 
stage 1 gives 
Cx 
L. 


4 


ea = (8 +k 


where k = (1 + gR’)/(1 + R’). 


Continuing up the column by the alter- 
nate use of equilibrium and material 
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balance relationships results in the fol- 
lowing general expressions which re- 
late the error in any stream entering or 
leaving a stage to @,:: 


L, 


n-1 —n 


L, 
= (ss. eee + Sn 
L, 
L, ) 
k Cn 2) 
+ te (2) 


If R’ is zero (no extract reflux), k 
becomes 1.0. In the absence of raffi- 
nate reflux @zn.. = @z,, Ln. = S, and 
Equation (2) relates es, to ex. If raf- 
finate reflux is used either alone or 
with extract reflux, Equation (2) does 
not apply to the solvent stream and 
the following equation must be used in 
conjunction with Equation (1) to re- 
late ez, and eér;: 


S ez, = Dew + Li ex (3) 


The number of feeds and their loca- 
tion have no effect on the error equa- 
tion. The terms representing feed 
streams cancel in the derivation owing 
to the fact that the feed concentrations 
are specified and contain no errors. 

Equations (1) and (2) can be ap- 
plied directly to any process which in- 
volves a series of equilibrium stages. 
For a simple absorber k = 1, and 
Equation (2) relates an error in the 
calculated lean oil composition to the 
error for that component in the origi- 
nally assumed rich oil composition. In 
distillation kK = 1, and Equation (1) 
relates an error in the vapor leaving 
the top equilibrium stage (which may 
be a partial condenser) to the corre- 
sponding error in the assumed compo- 
sition of the liquid leaving the lowest 
equilibrium stage (which may be a 
partial reboiler). 


EQUILIBRIUM DATA 


The representation of the equilib- 
rium data is discussed in the previous 
article. 

The reason for correlating the equi- 
librium data as a function of those 
components with the lowest K values 
is illustrated by Equations (1) and 
(2). A small K means a small stripping 
factor, and @z,,, and @y, will not vary 
widely from eé,,. On the other hand a 
large K means a large stripping factor, 
and as the calculations proceed up the 
column, the errors may become very 
large. For example in one system 
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studied the e., for a component with a 
K value in the neighborhood of 100 
varied between 10*° and 10° for sev- 
eral trials, even though e,, never ex- 
ceeded + 0.0015. If the equilibrium 
values are to be read as a function of 
the calculated phase compositions as 
the calculations proceed up the col- 
umn, the K’s must be plotted vs. the 
concentrations of stable components 
(low K values) since their stage con- 
centrations will be reasonable even in 
the first trial. However if K profiles 
based on the corrected stage composi- 
tions from the previous trial are to be 
used, the K’s may be correlated as a 
function of the concentrations of any 
two of the components. No matter how 
fantastic the calculated concentrations 
may be from any trial, application of 
the error equation provides a good, 
corrected set of stage compositions 
which can be used to select K values 
for the next trial. 


CALCULATION PROCEDURE 


The calculations begin with the as- 
sumption of phase-rate profiles and of 
the rate and compositon of L,. De- 
pending upon the number of feeds and 
refluxes used the following material- 
balance equations may be useful to cal- 
culate the end rates and compositions 
which correspond to the assumptions: 


B= 1 Be, 4 
gx) (4) 
R’(1—g) 
PF + La, 
y Yr + TR x, (5) 


Equation (5) must be written for each 
component, and the summation term 
in Equation (4) includes the gx, prod- 
uct for each component. 

When one starts with the assumed 
x,s and uses the assumed phase-rate 
profiles, stage-to-stage calculations are 
made up the column. These calcula- 
tions are made in the usual manner 


(alternate use of the equilibrium and 
material-balance _ relationships) 
with the exception that the calculated 
y’s and x’s are never normalized. Nor- 
malization of the phase compositions 
makes the error equation inapplicable. 
Also the almost correct concentrations 
of the stable components would be ad- 
versely affected by the large errors in 
the unstable component concentrations, 
The absence’ of normalization, in ef- 
fect, means that each component is cal- 
culated through the column separately. 
The y’s and x’s in the various phases 
will sum to 1.0 in the last trial if true 
convergence is obtained and if the 
equilibrium data are correct. 

The stage-to-stage calculation fur- 
nishes_ calculated compositions _ of 
streams Vy and Ly,,. If raffinate reflux 
is not used, Ly., = S. If raffinate reflux 
is used, the calculated solvent concen- 
tration of each component is obtained 
from the following material balance: 


The e:, for each component is then 
ex, = calculated x, — specified x. 
(7) 
Equations (1) and (2), plus Equation 
(3) if raffinate reflux is used, are now 
used to calculate the es, for each com- 
ponent. The e:,s can then be used with 
Equations (1) and (2) to correct all 
the phase concentrations throughout 
the column. 

Once a corrected set of yp’s and x's 
are obtained, a new L, rate can be cal- 
culated by a simple component balance 
around the column. The solvent com- 
ponent with the lowest K value should 
be used in this balance since use of a 
less stable component may slow con- 
vergence. When extract reflux is used, 
the balance becomes somewhat com- 


TABLE 2. CONCENTRATION PROFILES AND K VALUES FROM A TYPICAL TRIAL 


System: acetone (A)—chloroform (C)—water (W)—acetic acid (H) at 25°C. 


XA Xe 
Stage Calculated Corrected Ke Calculated Corrected 
1 2.05 0.226 0.254 11.8 0.007 0.006 
2 2.22 0.118 0.133 13.5 0.020 0.016 
3 2.36 0.070 0.079 15.4 0.053 0.041 
4 3.41 0.023 0.050 25.6 0.246 0.024 
5 3.85 —0.073 0.036 30.8 7.41 0.021 
S —0.519 0.0 292.3 0.0 
Xw XH 
Stage Kw Calculated Corrected Ku Calculated — Corrected 
1 0.089 0.556 0.539 0.279 0.211 0.210 
2 0.077 0.574 0.556 0.275 0.225 0.224 
3 0.067 0.592 0.573 0.269 0.232 0.231 
4 0.035 0.644 0.624, 0.273 0.295 0.293 
5 0.028 0.650 0.629 * 0.292 0.325 0.322 
S — 0.671 0.650 — 0.352 0.350 
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plicated, but the new L, can be calcu- 
lated directly from 


F (yr — yo) + S(x.—Yypo) + F’ (yr-— yp) 
(1+gR’) 
+ 
(8) 
where j = (R’/1 + R’) (1 — gm) 


— 1.0. If no extract reflux is used, R’ 
=0 and the denominator reduces to 
— Yd. 

Since V, is specified as a feed or can 
be calculated from the new L,x,’s by 
Equation (5), it is now possible to cal- 
culate new rate profiles by means of 
solvent balances around the bottom 
end of the column (cutting V, and L,). 
The next trial can then be made with 
the new rate profiles and the new rate 
and composition of L, The K values 
can be based on the corrected stage 
compositions from the previous trial or 
on the stage compositions obtained as 
the calculations move up the column. 

The iteration described in the pre- 
vious paragraphs converges rapidly (2 
to 5 trials) to a constant set of rate 
profiles and to a constant L, rate and 
composition. The solution obtained 
however is determined by the L, and 
x's originally assumed. In other words 
repetition of the calculations with a 
different set of originally assumed L, 
and x,’s will produce a different solu- 
tion. The correct solution is that one 
where the calculated x,’s and all the 
other stage concentrations sum to 1.0. 
To pinpoint the correct solution it is 
necessary to make three iterations with 
different assumed L, rates. The origi- 
nal x,’s assumed can be the same for 
all three iterations or they can be 
varied. After two of the three iterations 
are completed, a plot of the calculated 
Xx, vs. the calculated L, will indicate 
the L, at which Sx, = 1.0. The third 
iteration with this L, will be close to 
the correct solution. It- is not necessary 
to obtain convergence in the two pre- 
liminary iterations. One trial in each 
is usually sufficient to provide a x, 
which can be plotted to indicate the 
L, for the third trial. 

The over-all convergence in distilla- 
tion calculations is simpler than in ex- 
traction, absorption, or stripping. In 
distillation the L, or bottoms rate can 
be specified conveniently, and only one 
iteration is necessary. The convergence 
within this iteration may be slowed 
somewhat since in distillation there is 
no stream with fixed composition at 
the top comparable to the solvent in 
extraction or the lean oil in absorption. 
The change in the assumed overhead 
composition from trial to trial causes 
the error equation to be somewhat less 
effective as a convergence device and 


Vol. 6, No. 3 


may increase the required number of 
trials slightly. 

The time required per trial is 
roughly that required for any stage-to- 
stage distillation calculations with heat 
balances. For the four component, five 
stage extraction example presented be- 
low, the time per trial was about 5 hr. 
For three iterations with one trial for 
each of the first two iterations and two 
trials in the final iteration, the total 
calculation time for an experienced 
person would be about 20 hr. The 
number of trials required in any one 
iteration is independent of the number 
of stages and components. 


EXAMPLE PROBLEM 


The four component extraction ex- 
ample described in the previous paper 
was solved by the proposed rigorous 
method. Four iterations were made. 
The assumed and calculated L, rates 
and the x, for each iteration are 
shown in Figure 1. A plot of =x, vs. 
the calculated L, rate for the first two 
iterations indicated an L, = 120 as the 
correct value. Two _ iterations were 
made at an assumed L, of 120 to check 
the effect of varying the assumed x,’s. 
Better values of the x,’s improve the 
trial results, but the L, rate seems to 
be the important iteration variable. A 
plot of =x, vs. the calculated L, rate is 
essentially a straight line despite the 
two sets of assumed x,’s used. 


Typical trial values of calculated and 
corrected stage compositions are shown 
in Table 1. The calculated values were 
the results of the stage-to-stage calcu- 
lations, and the corrected values were 
obtained by application of the error 
equation. The values shown are from 
the first trial of the last iteration in 
Figure 1. Note the effect of the size of 
K on the reasonableness of the calcu- 
lated concentrations. Note also that re- 
gardless of how unreasonable the stage 
concentrations become in the stage-to- 
stage calculation, application of the 
error equations furnishes reasonable 
corrected values. These corrected val- 
ues would be the correct solution if it 
were not necessary to correct the rate 
profiles for the second trial. The second 
trial provided e:,’s of 0.119, —108.9, 
0.0, and —0.0012 for the four compo- 
nents compared with the values shown 
in Table 2 of —0.519, 292.3, 0.021, 
and 0.002. It was not necessary to 
make a third trial since the rate pro- 
files calculated for use in trial 3 were 
identical to those used in trial 2. Also 
the K values were essentially un- 
changed. The stripping factors would 
be unchanged for the third trial, and 
therefore the error equation can pre- 
dict from the ez,’s from trial 2 the ex- 
act x,s which will reduce all the ez,’s 
to zero in the next trial. In practical 
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calculations the correction to x, neces- 
sary to make ez, = 0 for a component 
with a K as large as that of chloroform 
is beyond the number of decimal 
places carried in the calculations. 

One other point warrants discussion, 
and that is the role played by the equi- 
librium data in the achievement of 
true convergence. The solution ob- 
tained where =x, = 1.0 will be the 
correct solution only if the equilibrium 
data and its graphical representation 
are exactly correct. If the K values are 
correct, then not only will =x, = 1.0 
but also Sy, = 1.0, =x, = 1.0, ete. In 
the example problem the K_ values 
used for chloroform were evidently too 
large. It was necessary to use an x, of 
approximately 0.007 to reduce the ez, 
of chloroform to zero. Solubility data 
indicate an x, for chloroform of ap- 
proximately 0.03 based on the concen- 
trations of the other three components. 
This fourfold error in the x, concentra- 
tion of chloroform coupled with the 
large K value for this component 
caused the Xy’s and %x’s to be less 
than 1.0 until the feed stage was 
reached. At that point the large amount 
of chloroform entering in the feed 
overshadowed the error in its L, con- 
centration. Above the feed the phase 
concentrations summed to approxi- 
mately 1.0. The probability of errors in 
the K values for chloroform is high 
since the concentration of chloroform 
in the extract phase in the tie-line de- 
terminations was usually below 0.05 
wt. fraction. 

The final results for the example are 
shown in Figure 2 of the preceding 
paper, where they are represented by 
the open circles. Comparison with the 
short-cut method results and the man- 
ner in which the results were checked 
by the graphical method of Powers 
(2) are described in the preceding 


paper. 


NOTATION 

B = heavy or extract product rate, 
moles, weight, or volume per 
unit time 

D = light or raffinate product rate, 
moles, weight, or volume per 
unit time 

e = calculated stream concentra- 


tion minus correct stream con- 
centration for the component 
under consideration 


€z, = error in calculated value of x, 
€m = error in calculated value of y, 
F = upper feed rate, moles, weight, 


or volume per unit time 

F’ = lower feed rate, moles, weight, 
or volume per unit time. If 
only one feed is used F’ = 0 
and M = 0 

g = Spxsze/L.ix, = fraction of a 
given component in L, which 
is removed with S; 
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Yy 
(6) 

hen 
od x, 

| 

} 
0.006 
0.016 
0.041 
0.024 
0.021 


j = (R’/1 + R’) (1 — Sgm) — 


1.0 
k = (1 + gR’)/(1 + R’) 
K = y/x = distribution coefficient 
= heavy or extract phase rate, 


moles, weight, or volume per 
unit time 

M =number of theoretical stages 
below the feed stage M + 1 

n = subscript referring to any 
stage which may take on any 
value from 1.0 to N 

N = total number of _ theoretical 
stages including partial re- 
boiler if any but excluding 
partial condenser if any 

R = external reflux ratio at top or 
raffinate end of column, 
amount of reflux/amount of 
product 


R’ = external reflux ratio at bottom 
or extract end of column, 
amount of reflux/amount of 


product 

= fresh solvent rate, moles, 
weight, or volume per unit 
time 

S; | = solvent rich material recovered 


in the extract solvent recovery 
equipment, moles, weight, or 
volume per unit time 

Sn = K, = component strip- 
ping factor where the sub- 
script n can take on any stage 
number from 1.0 to N 


V = light or raffinate phase rate, 
moles, weight, or volume per 
unit time 

x = concentration in heavy or ex- 


tract phase, units consistent 
with units on rates 

y = concentration in light or raff- 
nate phase, units consistent 
with units on rates 
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Effect of Uniformity of Fluidization 
On Catalytic Cracking of Cumene 


ALBERT GOMEZPLATA and W. W. SHUSTER 


Rensselaer Polytechnic Institute, Troy, New York 


The effect of uniformity of fluidization on the catalytic cracking of cumene, with a silica- 
alumina catalyst, was studied in a 3-in—diameter reactor operated at 800°F. Superficial 
gas velocities were varied from 0.06 to 0.24 ft./sec. for bed heights of 1.5, 3, 5, and 8 in. The 
percentage conversion in a fluidized bed was found to be lower than in a fixed bed and to be 
dependent on the type of catalyst support used. A porous plate support was up to 30% more 
efficient than a screen support, which is attributed to its better gas-distribution characteristics 
and to its ability to introduce the discontinuous phase as smaller gas bubbles. Indications are 
that the first few inches of bed are very effective in bringing in contact the continuous and 
discontinuous phase, and therefore most of the conversion due to the interaction of the two phases 
takes place here. This can be explained in terms of the rapid growth of gas bubbles as they 


proceed through the bed. 


The nature of the fluid and solid 
flow in a fluidized bed has been inves- 
tigated in many studies (2a, 4, 5, 6, 
25, 27) and the fluidization process 
has been described (8 to 13 and 18). 
The general solid pattern has been es- 
tablished as being up the center of the 
column and down the sides (4, 5, 16) 
with the downward-flowing solid parti- 
cles creating some back mixing of the 
gas along the sides (4, 5). The import- 
ance that the homogeneity of disper- 
sion of fluid and particles can have on 
the properties of a fluidized bed has 
been realized, and ingenious methods 
have been proposed to measure bed 
uniformity (1, 3, 17, 24), but unfor- 
tunately studies have been mainly of a 
qualitative nature. Gilliland and co- 
workers (6) in kinetic studies of a gas- 
phase homogeneous reaction concluded 
that plug flow is a good assumption for 
kinetic studies and that the lowering of 
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conversion in a fluidized bed was due 
mainly to gas bypassing through the 
gas-solid phase of the bed. 

Shen and Johnstone (23) studied 
the catalytic decomposition of nitrous 
oxide, and Mathis and Watson (15) 
studied catalytic cumene dealkylation 
in both fixed and fluidized beds under 
isothermal bed conditions. The con- 
version obtained under fluidized-bed 
conditions was always less than for the 
fixed bed and was attributed to ineffec- 
tive contact caused by bypassing gas. 
Both Shen and Johnstone (23) and 
Mathis and Watson (15) have pro- 
posed mathematical models to aid in 
the understanding of the behavior of 
the bed. To make mathematics man- 
ageable, quite a few assumptions have 
to be made and a high degree of error 
can be expected from such models, but 
as yet these two studies have not 
yielded enough data to make any con- 
clusions of the general applicability of 
the models. 
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The aim of the present study was to 
investigate the effect of fluidization on 
the catalytic cracking of cumene. The 
cumene-cracking reaction was chosen 
because of its desirable cracking char- 
acteristics and because the reaction 
mechanism has been studied exten- 
sively (2, 20, 21, 26). 

Special emphasis in this investiga- 
tion was placed on the effect of uni- 
formity on the cracking reaction, since 
it was expected that this variable would 
have a significant effect on the level 
of conversion attained in a fluidized 


bed. 


MATERIALS AND APPARATUS 


The cumene used in the kinetic study 
was of pure-grade quality that was 
purified by passing through silica gel to 


remove cumene hydroperoxide and_ other 


polar impurities. After purification it 
analyzed 
Cumene 98.68 % 
Ethylbenzene 1.30% 
Cumene hydroperoxide 0.02% 
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Fig. 1. Diagram of equipment. 


The silica-alumina catalyst, which ana- 
lyzed 13% aluminum oxide, had a surface 
area by B.E.T. analysis of 490 m. sq./g. 
The 100- to 200-mesh fraction was used 
after fines had been removed by fluidizing 
the catalyst for a period of 8 hr. at a 
moderate gas rate. 

A flow diagram of the equipment is 
presented in Figure 1. Briefly, it consisted 
of a cumene storage tank, flow meters to 
measure the cumene feed, a 6-ft. heater 
to vaporize and preheat the cumene, and 
a 3-in.diameter reactor to contact the 
cumene and catalyst. The reactor had a 
catalyst disengaging section along with a 
vent system designed to keep the reactor 
at atmospheric pressure and had provision 
for either a porous plate or a screen as a 
catalyst support. Compressed nitrogen was 
used to pump cumene through the system. 
Stainless steel was used throughout in the 
heater, reactor, and top assembly. 
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Fig. 2. Conversion vs. superficial gas velocity. 
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Fig. 3. Conversion vs. superficial gas velocity. 
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METHODS OF PROCEDURE 


Before a run was started, the desired 
amount of catalyst was placed in the re- 
actor and the equipment heated while air 
was passed through the reactor. When the 
apparatus reached operating temperatures, 
which took several hours, a 10-min. nitro- 
gen purge was started, after which the 
cumene feed was applied. With practice 
the bed temperature could be adjusted to 
800°F. within 20 min. and kept to +5° of 
that temperature. A small flow of nitrogen 
continually flushed the sample line until a 
sample was taken. The normal sampling 
time was 10 min. After the sample had 
been taken, the cumene feed was stopped 
and the residual cumene in the boiler 
was allowed to evaporate. A  15-min. 
nitrogen purge followed, and then air 
was put through the reactor which caused 
the catalyst temperature to increase. 
When the temperature reached 1,000°F., 
the variac controlling the bed tempera- 
ture was turned off until this temperature 
began to fall, indicating the end of the 
carbon burning cycle. The sample col- 
lected was transferred to a small vial and 
analyzed. Gas chromatography was found 
to be a quick and accurate method of 
analysis for both impurities and the frac- 
tion converted. 


RESULTS 
Preliminary Study 

When the catalyst was fluidized with 
air in a plastic column, a marked dif- 


ference in the uniformity of a fluidized 
bed was observed depending on 
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Fig. 4. Superficial gas velocity vs. conversion. 
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whether a porous plate or a screen was 
used as a catalyst support. With a por- 
ous plate as a catalyst support, a very 
definite bed expansion, up to 20%, 
was observed even at low gas velocities. 
At these low ges velocities channeling 
does occur but usually at several places 
in the bed. At higher gas velocities gas 
passes through the dense phase in small 
gas bubbles that seem to be evenly 
distributed throughout the bed. The 
small bubbles at the walls combine 
rapidly and grow larger as they pro- 
gress through the bed, and it can be 
inferred that a similar action takes 
place within the bed. From visual ob- 
servations it is questionable whether 
the solid circulation pattern is up the 
center and down the sides when a por- 
ous plate is used. 


With a fine-mesh screen used as the 
catalyst support a 60-deg. cone distribu- 
tor or a 3-in. Berl saddle calming sec- 
tion was found necessary to obtain a 
symmetrical bed with gas flow through 
the center. Even then there was a 
marked difference in fluidization with 
a screen. At low gas velocities, chan- 
neling can be observed at only one 
point in the bed, with little or no bed 
expansion, and even at higher gas vel- 
ocities, only a small percentage of bed 
expansion is obtained. The greater part 
of the gas flow was through the center 
of the bed, and a larger bubble size 
compared with that observed with a 
porous plate was noticed. A greater 
solid turbulence was evident by the 
considerable ejection of particles that 
made observation of the upper bound- 
ary of the bed impossible after a few 
seconds of gas flow. 

The difference that supports can ~ 
make was also noticed by Grohse (17) 
while determining instantaneous den- 
sity profiles of fluidized beds with X- 
ray absorption techniques. His results 
indicate that a porous-plate support 
produces a bed that is longitudinally 
uniform in density and that a bed with 
a screen support has a greater density 
at the bottom, levels off in the middle, 
and has a lower density at the top. 

It is evident that these differences in 
the contact of the disperse and dense 
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phases may lead to different reaction 
rates when the solid is used as a cata- 
lyst for a reaction. 


Fixed-Bed Study 


It was attempted to determine fixed- 
bed data with the same equipment as 
used in the fluidized-bed study; how- 
ever at the low gas velocities required 
to reproduce the same W/F ratios 
used in the fluidized study, high ther- 
mal conversion was obtained (as high 
as 12%) and side reaction overshad- 
owed the cracking of cumene. But the 
cracking of cumene by silica alumina 
catalyst has been studied extensively 
(2, 14, 19, 20, 26), enabling the con- 
version expected from a fixed bed to be 
calculated. 

Kinetic studies have shown that the 
cracking of cumene is controlled by a 
single-site surface reaction (2, 20) and 
that the steady state reaction per unit 
of catalyst surface can be expressed by 


dn Ps—1/KeP mPn 


(1) 
The adsorption-equilibrium constants 
for cumene products and common in- 
hibitors have been tabulated (14). Of 
special importance is cumene_hydro- 
peroxide, which is a very strong in- 
hibitor that accumulates on storage. 
The rate equation can be integrated 
to give an expression for the total con- 
version to be expected from an inte- 
gral reactor (fixed-bed reactor). 


W 
2 = k,B,M*= (M*E+C—M]J)In(1—x’) 


+ (M*E+C+MJ)In(1—x’)—2Cx’ (2) 
where 


E = 1+ GK,P, + G/P 
J = 2G + GK,, + GK,P, 
C=G+GK,,—1 
M* = (K, + 1)/K; 


Equation (2) can be used to predict 
the conversion expected in a fixed bed 
when quantitative data of the impuri- 
ties of the cumene feed are available, 
provided that diffusion transport effects 
are not present and that the activity of 
the catalyst is assumed proportional 
to the B.E.T. surface area. The pos- 
sibility of diffusion-transport effects 
was eliminated by the very fine-mesh 
catalyst used. The predicted conver- 
sion seems to agree with the results of 
the fluidized-bed study. Conversions 
close to equilibrium were predicted for 
all bed heights except the 144-in. bed. 
It was at this bed height that a notice- 
able decrease in conversion took place 
in the fluidized-bed data. 

The cumene cracking reaction re- 
sults in a volume change and conse- 
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Fig. 6. Conversion vs. W/F ratio. 


quently an increase in gas superficial 
velocity with bed height. In this paper 
results are based on the inlet superficial 
velocity for simplicity. 


Fluidized-Bed Study 

Thermal cracking was found to be 
negligible at the space velocities 
studied, with only 0.6% observed at 
low gas rates. The purified cumene 
cracked to benzene and propylene with 
very few side reaction products (com- 
pared with a 1.3% ethylbenzene im- 
purity in the feed). Catalyst fouling 
was negligible over several runs made 
for 80 min. Reproducibility of the data 
was generally within 2% conversion, 
and frequent check runs were made. 
The catalyst was changed after each 
series. of runs, although no indication 
was found of catalyst deactivation with 
time. 

The results of runs made in the re- 
actor with both a screen and porous 
plate, in which bed height and super- 
ficial velocity were varied, are shown 
in Figures 2 to 5, together with the 
expected conversion in a fixed bed. 

The experimental results show that 
for the cracking of cumene over the 
range of conditions studied a lower 
conversion is obtained in a fluidized 


bed than in a fixed bed of similar size. 
This is in agreement with the results 
of Shen and Johnstone (23) and Mathis 
and Watson (15), who also obtained 
lower conversion in their fluidized 
beds. The lower conversion can be at- 
tributed to the gas that bypasses the 
bed in the form of bubbles or channels. 
The bypassing gas does contribute to 
the conversion in the bed, since the 
over-all conversion is always greater 
than it is for the solid-gas phase alone. 
It is reasonable to assume that this 
extra conversion is obtained from both 
the transfer of reactants and products 
between the continuous and the dis- 
continuous phase and any reaction 
taking place in the discontinuous phase 
from catalyst entrained in that phase. 
It then follows that the intimacy of 
contact between the two phases and 
the distribution of the gas phase will 
have an effect on the conversion ob- 
tained, and the experimental results 
verify this conclusion. Over the range 
of conditions studied, up to 30% dif- 
ference in conversion was noticed be- 
tween a porous plate and a screen sup- 
port, which have been observed to give 
a marked difference in bed uniformity 
in the plastic reactor. With a porous 
plate, which gave a smoother fluidiza- 
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tion than a screen, larger conversions 
and greater bed efficiencies were ob- 
tained. These can be explained in terms 
of the smaller gas bubbles of the dis- 
continuous phase, formed at the bot- 
tom of the bed, that expose a large 
surface for interaction with the con- 
tinuous phase and which are distrib- 
uted evenly over the total cross section 
of the bed. On the other hand, with a 
screen support larger bubbles are pres- 
ent in the bed, with most of the bub- 
bling action taking place in the center; 
a lower conversion can thus be ex- 
pected with a screen. In both cases the 
bubbles are observed to combine rap- 
idly as they pass up the bed, and the 
subsequent influence that they have on 
conversion emphasizes the need for 
either standardizing equipment for ex- 
perimental studies or finding a method 
to characterize the uniformity of a bed. 

Mathis and Watson (15) proposed 
to characterize bed uniformity by the 
height-to-diameter ratio (L/D) of the 
bed; however this conclusion is not 
applicable to all beds, as is evident 
from Figures 6 and 7, where the same 
(L/D) ratio does not fix the level of 
conversion but is dependent on whether 
a screen or a porous plate is used as a 
catalyst support. However in view of 
the apparent independence of gas dis- 
tribution on the inlet conditions when 
a porous plate is used, it may well be 
that in this case the (L/D) ratio would 
characterize the uniformity of the bed. 
An attempt was made to use the min- 
ute pressure fluctuations of the bed to 
predict bed uniformity, but the at- 
tempt was unsuccessful owing to the 
difficulty of isolating the pressure fluc- 
tuations in the bed from those intro- 
duced by other parts of the equipment. 

The data of Mathis and. Watson 
were obtained at a higher cracking 
temperature than those of the present 
study and cover a wider range of sup- 
erficial velocities, although with rela- 
tively few points. It is difficult to com- 
pare results, even though the same 
reaction is involved, because of the 
dependence of reaction rate on the 
purity of the cumene used. A similar 
decrease in conversion with increased 
superficial gas velocity in the fluidized 
bed can be noticed, although an opti- 
mum velocity at which the fluidized 
bed conversion approaches the conver- 
sion in a fixed bed was not noticed. 
Shen and Johnstone (25) in their ki- 
netic studies of catalytic decomposition 
of nitrous oxide did not notice an 
optimum velocity effect either. This 
velocity pinch effect is dependent on 
the curvature of the fixed-bed data, 
and in view of the extreme difficulty 
found in taking experimental fixed-bed 
data and the fact that an unusual high 
depression of conversion is evident in 
Mathis and Watson’s fixed-bed results, 
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it seems likely that their data are in 
error. 

When all the runs made with a por- 
ous plate are grouped together as 
shown in Figure 8, very interesting 
results are observed. For beds of 3, 5, 
and 8 in., approximately the same con- 
version is obtained at similar super- 
ficial gas velocities, and the conversion 
vs. velocity curves follow similar trends. 
A higher conversion is obtained at low 
gas velocities with a leveling off at 
higher velocities. Similar trends are 
observed with a screen as shown on 
Figure 9, with the exception that only 
the 5- and 8-in. beds are similar. It 
should be noted that the conversion 
values approached in the case of a 
porous plate are higher than those ap- 
proached in the bed with a screen and 
in both cases less than those predicted 
for a fixed bed. In this study conversion 
in the continuous phase closely ap- 
proaches the thermodynamic equilib- 
rium of 0.77 (22) conversion for all 
bed heights above 3 in. With this in 
mind, one notes that in the case of the 


porous plate the results indicate that 
essentially all the interaction between 
phases takes place below the first 3 in. 
of the bed. This is understandable in 
terms of the small bubbles present at 
the bottom and their rapid growth as 
they proceed up the column. With a 
screen, on the other hand, gas bubbles 
are also present at the bottom of the 
bed, but they are bigger and not evenly 
distributed, since most of the gas flow 
takes place up the center of the bed. A 
very high degree of solid turbulence 
results. In a bed with a screen, be- 
cause of the inherently larger bubble 
size, lower conversions are obtained 
than with a porous plate. An upper 
limit in conversion is obtained, but a 
higher bed is needed to reach the 
maximum interaction conditions. This 
must be attributed to the larger per- 
centage of catalyst entrained in the gas 
phase by the violent solid turbulence 
of the bed. Other investigators have 
not been able to notice these effects 
because their studies were not con- 
ducted under conditions where the 
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conversion expected of a similar fixed 
bed became essentially independent of 
the height of the bed. 

The mathematical models of fluid- 
ized beds that have so far been pro- 
posed are all based on Toomey and 
Johnstone’s (25) theory of a discrete 
fluidized gas-solid mixture. The phases 
are assumed to constitute parallel re- 
actors, and a mass transfer coefficient 
is used to account for the interaction 
between the phases, calculated from 
the difference in over-all conversion 
from that expected for just the gas- 
solid phase. The coefficient is evalu- 
ated per unit volume of bed and is 
assumed constant for the entire bed. 
Shen and Johnstone proposed two 
models. In one, progressive flow was 
assumed for both phases; in the other, 
progressive flow was assumed for the 
gas phase with complete mixing of the 
gas-solid phase. Mathis and Watson 
considered just the case of progressive 
flow in both phases but assumed that 
there was catalyst entrainment in the 
gas phase and introduced the back re- 
action in a pseudo first-order equation 
used to describe the cracking rate. In 
the present study a new simpler model, 
using the same approach as Mathis and 
Watson (15), was derived. This model 
except for the method of development 
and basic units is similar to the one 


(KasA) + ( = ) 
dx, AB. 


dZ { F, 
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proposed by Shen and Johnstone (23) 
for progressive flow in both phases. 
The refinements introduced by Mathis 
and Watson were not considered be- 
cause of the difficulty of evaluating the 
extent of catalyst entrainment in the 
gas phase and having to account for 
the back reaction scheme at the high 
level of conversions attained with 
cumene. 


Fluidized Reactor Model 


The bed is assumed to be composed 
of two parallel reactors, one containing 
the continuous phase and the other 
the discontinuous phase. The discon- 
tinuous phase consists of all the by- 
passing gas; the continuous phase con- 
sists of the solid-gas mixture under 
conditions similar to those present at 
incipient fluidization. A pseudo mass 
transfer coefficient per unit bed volume 
is introduced to account for over-all 
conversion above that predicted for the 
dense-phase reactor. Both reactors are 
assumed to be at the same temperature 
and pressure conditions, and it is further 
assumed _ that progressive gas flow 
exists in both phases and that the re- 
action will follow a first-order kinetic 
scheme. 

A material balance around the con- 
tinuous-phase reaction element dZ re- 
sults in 


(KasA) 


3 
Fy LF, (3) 
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Fig. 11. Interaction coefficient vs. bed height. 


A similar material balance around the 
discontinuous phase yields 


dZ F, 

Equations (3) and (4) are simple, 
ordinary differential equations which 
can be solved by assuming progressive 
gas flow, constant temperature and 
pressure, even distribution of catalyst 
in phase A, and a constant interaction 
coefficient. The boundary conditions 
are x, = x, = 0 at Z =0. The solutions 
are 


F, 1 
(KavA) 
2 
(KasA) 
Xe = R,e%” + + 1 (6) 


where 
1 


[— b — \/b? — 4F, 


b = (KasA) (Fa + Fa) + 
kw 

d = (K.sA) 
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+ 


R, = 


The over-all conversion is represented 
by 
F 4X4 F 


x= 
F,+ Fy, 7) 


Values for x, and xz can be substituted 
in the above equation and then sim- 
plified to 


x= Qe + Qe" +1 (8) 


where 


yg,+ (KasA) (Fat+Fs) | 
(KasA) (Fa+F 


yg.+ (KasA) (Fat Fs) 
(KasA) (FitFs) | 


To evaluate the interaction coefficient 
from experimental results, a trial-and- 
error solution is necessary. A value of 
Ky,A is assumed, and the value of 
over-all conversion calculated from 
Equations (5) to (8). If it agrees with 
the experimental value, then the cor- 
rect value of K,; has been assumed. 
The interaction coefficients were calcu- 
lated by a trial-and-error solution with 
an IBM 650 digital computer. The re- 
sults are shown in Figures 10 and 11 
and are plotted vs. bed height with 
superficial gas velocity as a parameter. 
In the case of a bed with a porous 
plate the interaction coefficient 
creases rapidly with bed height, goes 
through a maximum at approximately 
3 in., and then decreases almost pro- 
portionally to bed height. With the 
screen the results are erratic in that 
some curves have an inflection at 3 in., 
while others just decrease with bed 
height. However two facts are evident: 
with a screen the decrease of interac- 
tion coefficient with bed height is more 
gradual than with a porous plate, and 
the coefficients are lower for the former. 

The plots of interaction coefficient 
vs. bed height support the concept that 
practically all interaction between 
phases takes place in the first few 
inches of bed. The coefficients obtained 
with a porous plate increase quickly to 
a maximum and then decreases with 
bed height. With a screen the decrease 
is more gradual, and at some gas vel- 
ocities no initial increase is evident. 
Since the coefficient is evaluated per 
unit of reactor volume, a coefficient 
decrease proportional to the bed height 
signifies that no more effective transfer 
is taking place between the phases; 
such a trend is noticed after the first 
few inches of bed height. Shen and 
Johnstone also found that their coeff- 
cients varied proportionally to bed 
height. Transfer coefficients can be 
transformed dimensionally to interac- 
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tion coefficients by dividing the abso- 
lute pressure by the product of the gas 
constant, absolute temperature, and 
transfer coefficient. When one converts 
their data, interaction coefficients of 
280 to 2,900 are obtained which are 
in the same range as those of the pres- 
ent study even though both systems 
are different. The coefficients found by 
Mathis and Watson on the other hand 
are much higher than those in the pres- 
ent study, and this again can be at- 
tributed to the high depression of con- 


version obtained in their fixed-bed 
data. 
The greater interaction between 


phases at low bed heights indicates 
that the interaction coefficient used in 
the parallel reactor model is not con- 
stant over the height of the bed but is 
definitely higher in the lower section. 
These differences should be known, 
and studies should be started to evalu- 
ate these interaction coefficients as a 
function of bed height, since the paral- 
lel reactor model seems to be a practi- 
cal approach to the design of a fluid- 
ized reactor from fixed-bed data. 
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NOTATION 

A = cross-sectional area, sq. ft., 
catalyst site 

B, = concentration of active sites 
per unit area, moles/m. 
square 

D = reactor diameter, ft. 

F = feed rate, moles/hr. 

G = constant related to chemi- 
sorption of cumene 

J = inhibitor molecule 

K, * = equilibrium constant for re- 
action cumene > benzene + 
propylene 

Kas = interaction coefficient, moles 
/cu. ft./unit conversion dif- 
ference 

k = reaction-rate constant, 
g. moles/hr./g. catalyst 

E = total bed height, ft. 

P = pressure, atm. 

= reaction rate, g. moles re- 


acted/hr./g. catalyst 


x = conversion as mole fraction 
Subscripts 

A = continuous phase 

B = discontinuous phase 

I, = inhibitors 

m = benzene 

n = propylene 

s = cumene 
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Superscripts 


, 


= ratio of fraction converted to 
fraction converted ther- 
modynamic equilibrium 

— = over-all value 
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A Boundary-Layer Model of 
Fluid-Particle Mass Transfer in Fixed Beds 


JAMES J. CARBERRY 


E. I. du Pont de Nemours & Co., Inc., Wilmington, Delaware 


The process of fluid-particle mass transfer in fixed beds at Reynolds numbers less than 1,000 
is viewed in terms of transient molecular diffusion within a boundary layer which is developed 
and destroyed repeatedly as the fluid journeys through the bed. Literature data support the 
j factor derived from the premises of the model. The theory predicts a Schmidt number ex- 
ponent of 2/3 for Ns- = 1; however this exponent should approach 1/2 for Nsc < 1. 


While numerous empirical correla- 
tions exist which permit the determina- 
tion of mass transfer coefficients for 
fluid-particle exchange in fixed beds 
(10, 11, 15, 22, 30), it is nevertheless 
of some interest to explore these events 
from a theoretical point of view. To 
date the most interesting rationaliza- 
tion of fixed bed mass transfer is found 
in the recent work of Thoenes and 
Kramers (28) who interpreted their 
data in terms of mass transfer from a 
particle into a fluid network composed 
of laminar, turbulent, and stagnant 
regimes. The present work attempts to 
establish a rationale in terms of a sim- 
plified boundary-layer theory. Although 
this study is confined to mass transfer, 
the model may well be extended to 
heat transfer in fixed beds. 

Higbie (14) made one of the earliest 
attempts to relate the average mass 
transfer coefficient to the species dif- 
fusivity and the average time of fluid 
element exposure to sink or source by 


— (1) 


Higbies’ theory has been verified in 
investigations in which the boundary 
conditions inherent in the model have 
been satisfied experimentally (7, 21, 
26). One of the key and limiting as- 
sumptions in this model is that specify- 
ing the absence of a velocity gradient 
at the transfer interface. Transfer pro- 
cesses between a solid and flowing fluid 
obviously occur across a boundary at 
which a velocity gradient must exist; 
consequently the influence of velocity 
upon the diffusive process must be as- 
sessed. In the case of simple geometries 
the transfer processes may be readily 
predicted for an assumed velocity dis- 
tribution. Heat transfer literature re- 
veals well-known examples such as the 
solution of Leveque (18) for heat 
transfer between a laminar fluid and a 
pipe wall. Kramers (17) applied an 
analogous model to mass transfer from 
a wall to a laminar falling film. 

In the instance of turbulent exchange 
Hanratty (13) has made a significant 
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contribution by applying the Higbie- 
Danckwerts penetration model to pre- 
dict the experimental concentration- 
profile data tound in the mass transfer 
studies of Lin, Moulton, and Putnam 
(19). Since the data treated were ob- 
tained in the region of turbulent flow, 
it is apparent that the exchange in- 
volved transfer from the source to 
eddies, and therefore the velocity 
gradient in the fluid has no influence 
upon the diffusive process. In a compar- 
able circumstance Johnson and Huang 
(16) found evidence to support the 
penetration model in their study of 
solids dissolution in an agitated vessel. 
It should be emphasized that an inde- 
pendent evaluation of @ is not possible 
in exchange events between eddies and 
a sink or source, and evidence for sup- 
port of Higbie theory or the Danck- 
werts_ modification thereof rests upon 
finding a % power dependence of the 
transfer rate upon the Schmidt number. 


DIFFUSION WITHIN A DEVELOPING 
BOUNDARY LAYER 


Higbie’s model follows via solution 


of 
dc dc Oc 
00 ox oy" 


where the fluid velocity is invarient in 
x and y. It will prove fruitful however 
to express u as a function of these dis- 
tance variables as 


= (ky)"/() (3) 


Ua 


Thus Equation (3) becomes 


dc ( vx D 
u.— = 
(Ky)* ay 


Mixon and Carberry (24) have ob- 
tained a solution to Equation (4), 
expressing the average mass _ transfer 
coefficient in terms of the exponents 


a and b: 


k= | 
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[(b+ (a+2) @/(a+2) J) (a+) /(a+2) 


r [1/(a+2) ] 
(5) 


It will be recognized that the fluid 
velocity component in the y direction, 
perpendicular to flow, has been ignored 
in formulating the basic differential 
equation. The author has assumed 
that the term v dc/dy is negligible rela- 
tive to u dc/dy. A consideration of the 
perpendicular component alters the co- 
efficient of the derived relationship 
[Equation (14)] by about 20%, but 
in no way is the indicated functionality 
changed (24). 

Equation (5) reduces readily to a 
number of interesting cases  corre- 
sponding to various value of a and b: 
a = b = 0, Higbie’s model. 


k = 2 V —— where 6 = X/u, (6) 
a=1,b= 0, Leveque approximation 
KD 1/3 
k = 0.808 (7) 


Equation (7) is identical to that de- 
rived by Kramers (17) for solid dis- 
solution into a falling film. 

The instance of diffusion within a 
developing boundary layer is approxi- 
mated by a = 1 and b = 4; that is 


/ vx 
u/u, = Ky/ V = (8) 
la 
Boundary-layer theory (27) teaches 


that the linear velocity approximation 
is 


u, 


If the velocity at the boundary-layer 
edge, u., is expressed in terms of the 
average as U, = 2u,, Equation (9) 
reduces to 


u/u, = 0.815 y/ 
uy 


(10) 


For a = 1 and b = % Equation 


(5) becomes 


(x/t.) 1/2 


(11) 
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Fig. 1. Fixed bed mass transfer in terms of boundary-layer theory. 


APPLICATION TO FIXED BED 
TRANSFER PROCESSES 


The precise characterization of flow- 
ing fluid behavior in a fixed bed is 
hardly possible at this time. It is per- 
haps equally difficult to define the 
geometry of the fixed phase as it is 
seen by the flowing fluid. Nevertheless 
if the fixed bed is viewed as a series of 
discrete surfaces separated at points 
by void cells, it might be argued that 
in the flow regime below fully devel- 
oped turbulence the fluid, in its jour- 
ney through the bed, must experience 
a succession of boundary-layer develop- 
ments and destructions. During a given 
boundary-layer development over a 
distance x diffusion or penetration of a 
species will occur between fluid and 
the fixed surface. If it is assumed that 
the velocity within the developing 
boundary layer at the transfer boundary 
can be approximated by Equation 
(10), then the specification of k by 
Equation (11) is possible if x can be 
defined for a fixed bed. 

A specification of x is possible in the 
light of recently acquired axial-disper- 
sion data for fixed beds which suggest 
that, for gases, mixing of a perfect 
nature occurs about once every par- 
ticle diameter (23). Liquid-dispersion 
data present a more complex problem 
(4, 6); however if a model suggesting 
imperfect fluid mixing in each void cell 
is tolerable (5), then in terms of the 
developing boundary-layer notion it 
can be argued that the boundary layer 
ought to suffer destruction at the mix- 
ing points. In other words the boundary 
layer develops and collapses over a 
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distance approximately equal to one 
particle diameter. 


Thus letting 
UN re 
(12) 
Ua 


and recalling the definition of the 
Schmidt number, Ns. = v/D, one can 
reduce Equation (11) to 

k=1.15 Nee" (18) 
In terms of a boundary layer j factor, 
bed void fraction, and the average 
superficial velocity based upon tube 
cross-sectional area 


k 
jo = = 1.15 Nee” (14) 


A comparison of the theoretical rela- 
tion with empirical correlations indi- 
cates that the literature j factors are 
usually based upon superficial velocity. 
Thus the derived equation can be 
tested against experimental data by 
correcting the published j factors with 
the void fraction encountered in the 
experiments and plotting the resulting 
j values against the Reynolds number 
based upon average velocity in the 
bed. Figure 1 displays the comparison 
of literature data with Equation (14). 
A Schmidt number variation of from 
0.6 to 10,500 is represented by the 
data for such diverse transfer processes 
as vaporization, solids dissolution, di- 
lute solution ion exchange, and chro- 
matography. The agreement between 
data and theory is quite good with the 
exception of the low Reynolds number 
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data of Gaffney and Drew for Ns. = 
10,500. These authors noted however 
that natural-convection effects were 
evident in that system at low flow 
rates. The data of Baddour and Gilli- 
land (1) for dilute solution ion ex- 
change are shown in the j factor form 
as recalculated and presented by Moi- 
son and O’Hern (25). 

Obviously not all of the literature 
data were considered in testing the 
theory. Ergun (9) has made a critical 
examination of fixed-bed mass transfer 
data, and the literature utilized in the 
present instance was chosen from those 
studies which evidenced reproducibil- 
ity and absence of axial mixing effects 
as noted by Ergun. The latter problem 
was found to be a prominent one (9) 
and has been discussed previously (3, 
8, 20). 


DISCUSSION 
The limits of applicability of the 


derived equation deserve comment. In 
view of the model invoked Equation 
(14) should be applicable until the 
flow rate approaches the value corre- 
sponding to turbulent boundary-layer 
development. The precise value of the 
Reynolds number at which the transi- 
tion occurs in a packed bed is difficult 
to specify. If the character of the 
packed-bed friction factor-Reynolds 
number functionality as well as axial 
dispersion-flow rate relationships (4) 
permit an inference, then fully devel- 
oped turbulent flow and therefore tur- 
bulent boundary-layer development 
takes place in the Reynolds number 
region of about several hundred. The 
data shown in Figure 1 would suggest 
that the model is valid to about Nz. of 
1,000. 

The lower flow regime limit of ap- 
plicability is difficult to define in view 
of the natural-convection effects on one 
hand and the specification of x on the 
other. It is not inconceivable that at 
very low rates of flow, boundary-layer 
development may occur over a dis- 
tance greater than one particle diam- 
eter. Thus x itself becomes a function 
of flow rate; that is x 0 1/Nex. at Ne. 
<< 1. Such a circumstance would lead 
to a decrease in j with decreasing 
values of Nz, a result verified recently 
by the data of Bar-Ilan and Resnick 
(2) and more recently by Hamilton 


) 
(12). 


TRANSFER RATES AT THE WALL 


The recent work of Yagi (32) on 
heat and mass transfer at the wall of 
the packed bed might be interpreted 
in the light of the boundary-layer 
notion developed here. Data for mass 
transfer between water and the coated- 
tube wall of a packed bed were corre- 
lated by Yagi with the equation 
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k 
jo = — (Ns-)** = 0.60 Neer”; <40 
(15) 


When one assumes an average void 
fraction of 0.4, the above relationship 
may be written on the basis of the 

average fluid velocity within the bed: 


jo = —€ 100 
Uo 

(16) 


While this functionality is identical 
to that derived above [Equation (14) ], 
the j relations differ by a constant 
factor of about 3. In terms of the 
model suggested in this work the wall 
transfer data would tempt one to 
speculate that the boundary layer at 
low flow rates along the wall of a 
packed bed develops over a distance 
equivalent to several particle diam- 
eters. Thus Equation (14) is perhaps 
best written for both transfer at the 
tube wall and fluid-particle transfer at 
low values of Nx, as 


jor = (17) 


An alternative model of wall-fluid 
heat transfer has been presented by 
Hanratty (13a). 

The anomalies at low Reynolds 
numbers and the transfer events at 
the wall of a packed bed present op- 
portunities for further experimentation 
designed in a manner which will con- 
firm or deny mechanistic speculations. 
A quantitative specification of n and 
its dependence upon velocity near the 
wall is required to clarify the rate 
process at that point, while the rela- 
tionship between n and the Reynolds 
number must be determined to ra- 
tionalize particle-fluid exchange data at 
very low flow rates. Studies of wall- 
fluid transfer rates in which the inner 
surface of the packed tube is corru- 
gated or coated with pellets identical 
to the packing should reveal the extent 
to which presence of a smooth ex- 
change surface extends the boundary- 
layer life and thereby reduces the 
average exchange rate at the wall. 


SCHMIDT NUMBER FUNCTIONALITY 


Equation (5) states that the expo- 
nent upon the Schmidt number is 
governed by the value of the term (a+ 
1)/(a+2). Hence the exponent must 
always lie between 1/2 and 2/3 as the 
velocity at the transfer boundary is 
either a linear or less than linear func- 
tion of distance (12=a=0). The reason- 
ing which follows may clarify this 
point. 

Where the diffusivity of the species 
is low (high Schmidt number), the 
region of transfer resistance most cer- 
tainly lies within the hydrodynamic 
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boundary layer. However systems char- 
acterized by high diffusivity, Ns.<1, 
present an interesting circumstance in 
which the concentration boundary 
layer becomes larger than the hydro- 
dynamic one. In other words the hydro- 
dynamic boundary layer tends, by 
reason of rapid diffusion, to become 
saturated in the case of transfer from 
the surface to the fluid. Under these 
circumstances the transfer rate will no 
longer be governed by the velocity 
gradient at the surface but dictated by 
the velocity gradient at a point closer 
to the hydrodynamic boundary-layer 
edge. To the extent that the velocity 
profile is nonlinear at this point, the 
power upon the Schmidt number will 
be less than 2/3. Therefore at Schmidt 
numbers less than unity a power de- 
pendency approaching % should be in 
evidence. Data for Schmidt numbers of 
about unity or less (for example 0.6 
for air-water vapor) hardly provide a 
valid test; however Lynch and Wilke 
(20) recently presented data charac- 
terized by a Schmidt number of 0.24. 
Their careful analysis of these data re- 
vealed that the Schmidt exponent is 
close to ¥%. Indeed this fact was inter- 
preted by Wilke (31) as perhaps be- 
ing due to a concentration boundary- 
layer effect. 

With respect to gas-liquid systems 
(for example absorption of a gas by a 
liquid flowing through a packed col- 
umn) it might be expected that the 
Schmidt number exponent be 2/3 for 
the gas film, where a velocity gradient 
exists, and ¥% for the liquid film, where 
for slight penetration the velocity 
gradient in the liquid film adjacent to 
the gas is probably negligible (7). 

The foregoing remarks do not apply 
to transfer processes in turbulent flow, 
a topic which has been treated by Toor 
and Marchello (29). 


CONCLUSIONS 


The concept of diffusion within a 
boundary layer which is repeatedly 
developed and destroyed over a dis- 
tance equal to one particle diameter is 
apparently supported by _ literature 
data for particle-fluid exchange in fixed 
beds. Additional research efforts are 
needed to provide data and interpreta- 
tion at very low Reynolds numbers. 
Further studies are required in systems 
where the Schmidt number is signifi- 
cantly less than 1 to provide additional 
support for the contention that satura- 
tion of the hydrodynamic boundary 
layer results in a Schmidt exponent 
approaching 

It is possible that transfer rates in 
other systems, for example fluidized 
beds, might be interpreted in terms of 
an appropriately modified version of 
the boundary-layer model suggested 
here. 
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NOTATION 

a,b = exponents in velocity-distri- 
bution relation, Equation 
(3) 

c = concentration of diffusing 
species 

D = molecular diffusivity 

D, = particle diameter 

jp = mass transfer j factor 

jer = j factor defined by Equation 
(14) 

K = coefficient defined by Equa- 
tions (3) and (10) 

k = average mass transfer coeffi- 
cient 

n = number of particle diameters 
of length, Equation (17) 

Nr = Reynolds number, D,u,/ve 

Nee = Reynolds number, D,u,/v 

= Schmidt number 

u = fluid velocity 

= superficial velocity 

Ua = average velocity in a packed 
bed, = u,/e 

Un = velocity at boundary-layer 
edge 

o = fluid-velocity component 

x = distance in direction of flow 


distance 
flow 


perpendicular to 


Greek Letters 


= fractional void volume 
= kinematic viscosity 
time 

3.1416 

= gamma function 
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Entrainment and Pressure Drop in 


Concurrent Gas - Liquid Flow: 
|. Air - Water in Horizontal Flow 


MOYE WICKS, III, and A. E. DUKLER 


Experimental equipment and data are reported for entrainment and energy loss in annular, 
two-phase flow of water and air. Measurements were made with a sample withdrawal technique 
in 1- and 3-in. horizontal tubes. A knowledge of entrainment is necessary to an understanding 
of various mass transfer, heat transfer, and separation problems in two-phase flow. A pre- 


liminary correlation is presented. 


Research in two-phase gas-liquid 
flow has increased steadily over the 
past ten years. In addition to a long- 
standing need for a better theoretical 
understanding of this type of flow the 
demands of a group of important in- 
dustrial problems have accelerated this 
work. 

Several investigators (8, 17) have 
demonstrated that when two phases 
flow together in a tube the liquid and 
gas streams can assume several differ- 
ent shapes. At high gas rates a pre- 
dominant pattern is annular flow with 
the liquid at the wall and the gas mov- 
ing in the core. This type of flow is 
thought to be accompanied by a dis- 
persion or entrainment of part of the 
liquid in the gas phase. Entrainment is 
of considerable importance to an un- 
derstanding of mass transfer, heat 
transfer, separation processes, and 
energy loss. This paper reports the first 
phase of a program to study entrain- 
ment. Equipment designed for direct 
measurement of entrainment and en- 
trainment distribution is described. 
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Experimental data on the air-water 
system is presented and preliminary 
correlation is proposed. 


PREVIOUS STUDIES 


Experimental data on entrainment 
or entrainment-measuring techniques 


University of Houston, Houston, Texas 


in moving gas streams are very limited 
in the literature. Several studies of 
drop distribution from nozzles, spray 
chambers, and rotating disks (16) can 
be found. However in each of these 
cases the amount of liquid dispersed 
can be predetermined by the experi- 
menter and the problems restricted to 
a study of drop-size distribution, spray 
areas, etc. In two-phase flow the en- 
trainment is generated by the action 


AIR CONTROL 
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PRESSURE TAPS TO 
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TEST SECTIONS 


PROBE DETAILS 
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Fig. 1. Experimental equipment. 
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of the gas on the liquid, and it is first 
necessary to determine how much 
liquid is entrained. The only source of 
reliable published data in the literature 
seems to be five points presented by 
Alves (2), four for air-water and one 
for an SAE-oil system. Entrainment 
data are also reported by Krasjakova 
(12). A study of these Russian data 
seems to indicate that the experiments 
were carried out in stratified flow, and 
flooding of the sampling tube took 
place. Less generally known are two 
studies at the University of Delaware; 
Fritzlen (7) and Budd (4) measured 
entrainment over limited conditions. 


Closely associated studies are the 
work of Alexander and Coldren (1) who 
measured droplet deposition rate down- 
stream from an atomizer spraying into 
a turbulent air stream and Longwell 
and Weiss (15) who measured distri- 
bution of fuel injected into high veloc- 
ity air streams. In both of these cases 
all of the liquid was injected by some 
device into the gas phase and then al- 
lowed to distribute. Entrainment was 


AIR RATE, POUNDS/HOUR 


Fig. 3. Entrainment air on the tee, 1-in. tube. 


close to 100%. Most recently Hanratty 
and Engen (9) report on the nature of 
waves formed by the flow of air across 
a water surface. Lane (14) and Hughes 
et al. (11) have suggested mechanisms 
whereby the gas moving across the 
surface may generate drops which are 
carried along in the gas phase. 


EXPERIMENTAL APPARATUS 


General 


The system used in this study was air 
and water. 

Figure 1 is a schematic diagram of the 
equipment used. After passing through 
control valves and calibrated metering de- 
vices the fluids entered the test section 
through a standard 1-in. screwed tee con- 
nection. The piping was arranged so that 
each phase could be injected at either the 
side or the run of the mixing tee. 

Two-phase pressure drop can be strongly 
affected by mechanical vibrations trans- 
mitted to the test section (13). For this 
reason care was taken to insulate the sys- 
tem from such pulsations by the use of 


TaBLeE 1. Data Descripinc TEst SECTIONS 


Test section 1-in. test 3-in. test 
section (type section (type 
Measurement L copper L copper 


water tube ) 


Outside diameter, in. 
Wall thickness, in. 


Inside diameter, in. 


1.125 
0.050 + 0.004 
1.025 + 0.008 


water tube ) 


3.125 
0.090 + 0.007 
2.945 + 0.014 


Total length, ft., in. 20’ 3%” 20’ 64%” 

Distance from entrance tee to 19’ 14%” 19’ 138” 
entrainment, sampling hole, 
fee, in. 

Distance from entrance tee to 6’ 4%” (No pressure-drop data 
upstream pressure tap, ft., in. obtained ) 

Distance from entrance tee to 18’ 4%4” (No pressure-drop data 


downstream tap, ft., in. 
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obtained ) 
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rubber-tubing connections up and down- 
stream of the test sections. Rubber- 
cushioned machine bolts supported the test 
section at 3-ft. intervals. 

A baffled 33-gal. galvanized _ barrel 
served as the water reservoir and separator. 
Air discharged to the atmosphere through 
a 3-in. gate valve on top of the barrel. 
Back pressure in the test section was con- 
trolled by this valve. 

Table 1 shows pertinent dimensions for 
each test section. 


Pressure Drop 


When one measures two-phase pressure 
drop with a manometer, the lines between 
manometer and pressure tap must be full 
of one phase or the other. Preliminary ex- 
periments clearly demonstrated that the 
presence of two phases can cause errors 
in pressure drop as large as the value 
being measured. A purge of gas into the 
test section through the lead lines can be 
used to maintain this single-phase condi- 
tion. The question arises whether this 
purge of itself affects the manometer read- 
ing when small differences are measured. 
This point was resolved by equalizing the 
pressure drop due to flow of purge gas in 
the two lead lines. The flow to each side 
was separately adjusted until two man- 
ometers measuring lead-line pressure drop 
showed the same reading. Additional 
details are available in reference 19. 

The technique just described was 
verified by excellent agreement obtained 
between calculated and _ experimentally 
measured pressure drop for single-phase air 
flow through the test section. Moreover 
neither pressure drop nor entrainment was 
measurably affected by the magnitude of 
the purge rate as long as it was less than 
1% of the total gas rate to the test section. 


Entrainment 

A direct sample-withdrawal method was 
devised to measure entrainment. The liquid 
droplets and gas entered a 5/16-in. stain- 
less steel probe with dimensions as shown 
in Figure 1. The probe mouth was located 
at the axis of the test section. Liquid and 
gas were separated in a small impingement 
separator with liquid dropping to a cali- 
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TABLE 2. TypicaL DATA 


Run W, tr, KL We ta Ha Pa (Re)e fe ( dP ) 
dL /TP 
°F. °F Ib.u/ Ib.r/ 
Ib./hr ft. hr. Ib./hr. ft. hr. cu. ft. sq. ft./ft. 
9,106 521 85 192 244 95 0.0455 0.0900 0.809 0.0190 22.9 
9,107 521 86 190 211 95 0.0455 0.0891 0.705 0.0204 19.3 
2,108 521 87 188 179 95 0.0455 0.0882 0.604 0.0222 15.9 
9,109 521 87 188 158 95 0.0455 0.0876 0.536 0.0233 13.5 
2,110 521 87 188 127 95 0.0455 0.0865 0.435 0.0230 9.21 
2,201 1,042 86 191 498 95 0.0455 0.1010 1.64 0.0158 67.1 
9,202 1,042 85 192 439 95 0.0455 0.0991 1.44 0.0177 59.5 
9,203 1,042 84 194 384 95 0.0455 0.0972 1.26 0.0199 52.1 
2204 1,042 84 194 340 95 0.0455 0.0957 1.12 0.0220 46.0 
9,205 1,042 85 1.92 289 95 0.0455 0.0930 0.952 0.0251 39.1 


brated burette and the gas vented to the 
atmosphere. A schematic drawing of this 
sampling arrangement is shown in Figure 
1 


Liquid flow through the probe was de- 
termined by measuring the time to fill a 
calibrated burette. Knowing probe and 
pipe inside diameters one could calculate 
total entrainment by multiplying the mass 
velocity through the probe by the cross- 
sectional area of the pipe: 


E=G’xA (1) 
Equation (1) is actually a special case of 
the general equation 

E = f* f'o"G(r, 0)rdrd0 (2) 
which degenerates to (1) when G is in- 
dependent of both r and @ and when the 
liquid film thickness is negligible compared 
with the pipe radius. To investigate this 
point entrainment was measured at various 
probe positions in both horizontal and 
vertical planes. Pcitinent observations can 
be summed up as follows: 

1. Variation of entrainment with probe 
position was greatest at low values of per- 
centage total input liquid entrained. 

2. Sensitivity to probe position decreased 
as completely dispersed flow was ap- 
proached. 

3. Even for the low percentage entrain- 
ment conditions sampling from the center 


of the pipe gave an averaged value for 
liquid loading. 


Over the range of variables investigated 
the following factors were shown to have 
no significant effect on measured entrain- 
ment mass velocity when gas and liquid 
rates to the tube were held constant: 


1. Gas flow through the probe from 
9 1/2 to 1/3 of the mass velocity of gas in 
the test section. 

2. Ratio of outside to inside probe 
diameter, from 1.40 to 1.02; probes of the 
following nominal size were tested 1/8, 
3/16, 1/4, 5/16, 3/8, and 1/2, all stain- 
less steel. 

3. Length of probe along the tube axis; 
from 0.43 to 1.08 test-section diameters. 


These measurements suggested that the 
capture efficiency (the ratio of the actual 
droplet capture rate to that if there were 
no interference from the sampler) was 
essentially 100%. Dussourd and Shapiro 
(6) suggested this capture efficiency term 
and related it to the dimensions of the 
sampler. Using their relationships one can 
predict the capture efficiency to be 100% 
for this probe system. 


EXPERIMENTAL DATA 


This initial series of experiments was 
restricted to the system water-air at low 
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Fig. 4. Entrainment water on the tee, 1-in. tube. 
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m ( Re ) uf E XxX R 
x10* 
Ib.xcu. ft./ 

ft. Ib.rhr. 
0.569 1,320 351 0.109 2.30 
0.880 2,180 243 0.125 2.40 
1.26 3,100 130 60.145 2.03 
1.50 3,500 60 0.161 1.31 
1.95 3,820 39 0.196 1.54 
0.122 203 1,016 0.105 1.98 
0.119 154 1,022 0.118 2.82 
0.118 112 1,028 0.133 4.03 
0.126 112 1,028 0.149 5.60 
0.254 558 970 0.174 8.25 


pressures. Entrainment and pressure-drop 
data were taken in the l-and 3-in. test 
sections over the following ranges of rates: 
l-in. test section; water rate: 500 to 3,100 
Ib./hr., air rate: 100 to 500 lb./hr., 3-in. 
test section; water rate: 4,000 to 8,000 lb./ 
hr., air rate: 300 to 550 Ib./hr. 

Data were obtained with two basic en- 
trance sections for all rates: (a) water 
entering along the axis of the test section 
with air introduced at 90 deg. and (b) air 
entering along the axis of the test section 
with water introduced at 90 deg. In ad- 
dition the effect of absolute pressure level 
over the limited range of 0 to 5 in. of 
mercury, gauge, was explored. Two hundred 
and twenty-five data points were obtained 
for the 1-in. section and forty-four points 
were taken in the 3-in. section. In addition 
a limited number of measurements were 
made to determine entrainment distribu- 
tions in the flow cross-sectional area. 

Some picture of the flow regimes 
covered here can be obtained by the use 
of the graphical form suggested by Baker 
(3). In Figure 2 the area covered by this 
work is shown blocked in for the 1- and 
3-in. tube. It should be noted that over 
the region shown for the l-in. tube en- 
trainment varied from less than 5 to 100% 
of the liquid feed to the test section. The 
transition from annular to dispersed flow 
is gradual, and no distinct boundary can 
be defined. 

Typical plots of the raw entrainment 
data for the l-in. test section appear in 
Figures 3 and 4 for each entrance section. 
In both cases shown the static pressure at 
the sampling point was 5 in. of mercury 
gauge. Similar data for the 3-in. section 
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oe ae position of drops created at the en- 
Fig. 6. Pressure drop 1-in. tube, air on the tee. trance can be expected to be lower and 
therefore the measured entrainment co 
are presented in Figure 5, where the air has suggested that the critical Weber larger, as shown in Figure 8. sh 
pressure was 2.5 in. of mercury. Typical number has different values depending A comparison of pressure drops is pr 
data are shown in Table 2. Complete data on the manner in which the liquid not nearly as clear-cut. The conditions en 
Pressure- mass is exposed to acceleration sources. of Figure 9 demonstrate that the two 
suggests a value of 13 for a sudden phase pressure drop is lower when en- mi 
responding to data in Figures 3 and 4 are 
presented in Figures 6 and 7. In the 3-in. shock exposure to a fast moving gas  trainment is higher at equivalent phase tic 
test section pressure drop was very small, Stream and a value of 22 for gradual flow rates. This seems to be generally ea 
and accurate values could not be obtained. acceleration. It appears likely that true at the lower liquid rates and sug- cu 
water entering on the side of the inlet gests that it requires less energy to ok 
DISCUSSION OF DATA tee would behave as if it were sud- transport a given amount of liquid in cu 
f denly exposed to sudden shock. On the _ the gas phase rather than as a thin film se 
The entrainment and pressure-drop other hand when air entered on the adjacent to the wall. However at high th 
data show consistent trends at all gas side into a liquid stream already filling liquid rates this difference seems to cr 
and liquid rates. The general trends _ the pipe cross section, the accelerations disappear. Further careful studies of en 
are: both entrainment and pressure would be more gradual. These two en-_ this trend are in progress. se 
drop ee with water rate for a trance sections could be expected to Further information on the effect of ne 
given air mass rate; both quantities in- correspond to two different critical entrance section on entrainment ap- is 
crease with air mass rate for a given Weber numbers. By the definition of pears in Figure 8 where the data of | th 
water rate; both entrainment and pres- the Weber number Fritzlen (7) are compared with those | w 
sure drop decrease with increased total of this study for the two entrance sec- | « 
system pressure. iw pa(Us — Uw)*D (3) tions. Fritzlen’s entrance section was a pl 
The influence of entrance section a ow fe very gradual annular entrance which 
can be seen from Figure 8. With air contacted the two phases with mini- PE 


on the run of the entrance tee the en- the maximum stable drop size can be 


mum interaction. Figure 8 shows that 
trainment is higher (except at essen- expected to be smaller for the air on 


as the degree of shock due to entrance 


tially completely dispersed flow) and _ the run entrance section. In accordance section design increases, the entrain- th 
the pressure drop is lower. Hinze (10) with the Mugele-Evans (18) drop size pent increases. This trend is in accord a 
with expectations, since drop size de- te 
T creases as the critical Weber number 
| WATER RATES | | | | | decreases. Calvert and Williams (5) It 
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Fig. 10. Entrainment concentration, air on the 
tee. 


concurrent two-phase flow appear to 
show a distinctly higher two phase 
pressure drop for a gradual annular 
entrance than for tee and ell entrances. 

Figures 10 and 11 present entrain- 
ment in concentration units as a func- 
tion of pressure drop. The curves for 
each water rate originate from a single 
curve at the lower gas rates. By careful 
observations it was found that this 
curve, common to all liquid rates, 
seemed to characterize a change in 
the flow pattern. As gas rate was in- 
creased and individual liquid rate lines 
emerged, severe manometer fluctuation 
seemed to be damped and a more 
nearly steady state flow achieved. It 
is suggested that this may represent 
the upper limit of the slug flow region, 
where the frequency of the slugs be- 
comes effectively infinite and the am- 
plitude approaches zero. 


PRELIMINARY CORRELATION 


Several approaches to entrainment 
theory have been examined, based on 
a study of the forces acting at the in- 
terface. As yet this method has not 
produced usable results. The complex- 
ity of the resulting relationships re- 
quire additional experiments to define 
the entrainment distribution and_ its 
variation with fluid properties and 
channel dimensions in order to assist 
in arriving at suitable simplifying as- 
sumptions. Further experimental work 
along these lines is now in progress. 
However it has been possible to arrive 
at a semitheoretical basis for explain- 
ing the gross entrainment. This method 
is based on the assumption that the 
similarities in the mechanisms for mass 
and momentum transfer which have 
been shown to exist in single-phase 
flow also apply in two-phase flow. The 
eddies moving between the interface 
and the gas stream transport the liquid 
between the bulk liquid phase and the 
drop form in the gas. It thus seems 
likely that those external factors which 
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determine the scale, velocity, and other 
characteristics of the eddy motion 
would influence, in a similar manner, 
the entrainment. Although the com- 
plete picture for energy loss and mo- 
mentum transfer in two-phase flow is 
yet to be evolved, a preliminary rela- 
tionship of entrainment can be arrived 
at in the following manner. 
Martinelli defines ¢ as 


(=) 
dL /TP 
(4) 
The pressure gradient is directly pro- 
portional to the rate of momentum 
transfer per unit area in the direction 
normal to flow. Thus ¢’¢ becomes the 
ratio of the rates of momentum trans- 
fer in single and two-phase flow. 
Define an analogous quantity ¢'c 
such that it represents the ratio of the 
rate of mass transfer per unit area in 
two-phase flow to the mass transfer 
rate in a unit area for single-phase 
flow. Now, Martinelli has correlated 
the term ¢_ with a parameter X de- 
fined by Equation (5): 


(5) 


It is assumed that this same variable X 
can be used to correlate the quantity 
¢'c, defined by Equation (6): 


(6) 


It is necessary to obtain expressions for 
Mrp and Mg. 

The rate of mass transfer between 
the liquid surface and the bulk gas is 
the sum of the mass of gas and liquid 
which is transported as the eddies 
change position. Under most conditions 
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the liquid gas density ratio is large. 
For any significant degree of entrain- 
ment the mass of liquid involved is 
large compared with the vapor. Mrp, 
then, is uniquely related to the liquid 
movement. Entrainment can be pic- 
tured as a process in dynamic equilib- 
rium. If a concentration of entrained 
material is defined as Cz, the rate of 
mass transfer can be written in the 
simplified expression 


Mrp = kC, (7) 
When one defines E as the mass rate 


of flow of entrained liquid and Q, as 
the volumetric flow of gas 


E 

Cz = (8) 
kE 

Mrp = 9 
0. (9) 


Although no quantitative picture of the 
factors influencing k can be given now, 
it is possible to examine this qualita- 
tively. The rate of shearing from the 
liquid surface will depend on the pro- 
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file of that surface, the forces acting 
there, and the size of the liquid drop- 
lets formed when they enter the gas 
phase. Therefore k should depend on 
the external rates, the properties of the 
liquid, and the channel dimensions; in 
addition k should depend on the criti- 
cal Weber number which determines 
the maximum drop size and drop-size 
distribution. Until additional data are 
developed, the following relationship 
is suggested: 


Thus 


L 


Mrp ~ We, E (11) 


G 

The rate of mass transfer for single- 
phase flow represents the rate of move- 
ment of eddies in the direction normal 
to flow. Once again it is assumed that 
this is proportional to the rate of mo- 
mentum transfer or to the pressure 
gradient calculated for single-phase 


flow: 
dP 
dL /G 


When one combines (11) and (12) 
into the definition of ¢’¢, Equation (6) 
gives 


(12) 


Qc We.E 
1 
K(dP/dL)¢ 
When one sets 

Q:/Qe We.E 
R 14 
(14) 

dL/G 


and assumes that the Martinelli param- 
eter X will correlate ¢’, as it did dz, 
then X should also correlate the en- 
trainment group R. Figure 12 shows 
all of the data of this study and the 
data of Fritzlen plotted on this basis. 
In accordance with entrance section 
discussions above, different critical 
Weber numbers could be expected for 
the two entrance sections used in this 
study and for the entrance section of 
Fritzlen. Based on the suggestions of 
Hinze a value of We, of 22 was as- 
sumed to apply to Fritzlens equipment, 
with values of 13 and 16 assigned to 
the two entrance sections of this study. 
Except for some points in each series 
which drift away from the line, the 
data appear to agree within about 25% 
of the best curve. Experimental work, 
now in progress, should assist in im- 
proving this correlation. 


SUMMARY 


Experimental apparatus is described 
for the study of entrainment of liquid 
into a fast moving gas stream. Experi- 
mental data are presented over a wide 
range of air and water rates in a 1-in. 
tube and over a more limited range in 
a 8-in. tube. The influence of entrance- 
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section design on pressure drop and 
entrainment is demonstrated. A _pre- 
liminary correlation is presented relat- 
ing an entrainment variable to the 
single phase pressure drops. Work is 
continuing with studies of entrainment 
distribution and property effects as 
well as new theoretical approaches. 
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NOTATION 
A = test section cross-sectional 
area, sq. ft. 
C, = concentration of entrained 
liquid, lb.y/cu. ft. 
D = drop diameter, ft. 
dP 
= pressure gradient which 
dL/ 


would exist if gas flowed 


alone, Ib.»/sq. ft./ft. 


would exist if liquid flowed 
alone, lb.r/sq. ft./ft. 


pressure gradient which 


= pressure gradient in two- 
TP 


phase flow, lb.;/sq. ft./ft. 


E = measured liquid entrainment 
calculated by Equation (1), 

G = entrainment mass velocity at 


any point in the pipe cross- 
sectional area, lb.y/hr. sq. ft. 
G’ = entrainment mass_ velocity 
through the sampling probe 
measured at the pipe center 


line, Ib.«/hr. sq. ft. 


Ze = 82.17 lb.» ft./lb.,sec.? 
K = proportionality constant in 
Equation (12) 
= rate constant in Equation 
(7) 
M, = rate of mass transfer per unit 


area in the gas phase normal 
to the net flow direction dur- 
ing single phase gas flow, 
Ib.»/hr. sq. ft. 

Mrp =rate of mass transfer of 
liquid per unit area in the 
gas phase normal to the net 
flow direction during two- 
phase flow, Ib.y/hr. sq. ft. 


m = liquid film thickness, ft. 

P = static pressure 

Q< = volumetric flow rate of gas, 
cu. ft./hr. 

QO. = volumetric flow rate of 
liquid, cu. ft./hr. 

R = entrainment correlation par- 


ameter defined by Equation 
(14), Ib.» cu. ft./Ib.» hr. 
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ra = internal radial distance, ft. 

To = inside test section radius, ft. 

U, = entering air velocity, ft./sec. 

Uy = entering water velocity, ft./ 
sec. 

We = Weber number defined by 
Equation (3) 

We. = critical Weber number 

Greek Letters 

6 = angle between two radius 
vectors, radians 

7 = 3.14159 

Ppa = air density, lb.y/cu. ft. 

Cw = interfacial tension, Ib.,/ft. 

= Martinelli momentum trans- 


fer parameter defined by 
Equation (4) 


¢’, | = two-phase mass transfer par- 
ameter defined by Equation 
(6) 

x = Martinelli momentum trans- 


fer parameter defined by 
Equation (5) 
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Performance of Packed Columns: 


VI. Mass Transfer Rates for 
Dehumidification at 


High Solute Concentrations 


H. L. SHULMAN and R. G. ROBINSON 
Clarkson College of Technology, Potsdam, New York 


Air-carbon tetrachloride gas streams were dehumidified with cold liquid carbon tetrachloride 
in a short 4.0-in. diameter column packed with 0.5-in. Raschig rings in an attempt to explain 
reported unsuccessful attempts to correlate dehumidification data obtained at high solute 


concentration. 


The data were in satisfactory agreement with a previously presented correlation if the Schmidt 
number was evaluated at average film conditions and interfacial conditions were employed with 
rigorous calculation methods to evaluate the mass transfer coefficients. 


The previous paper (10) of this 
series presented a correlation for mass 
transfer in packed columns at low and 
high solute concentrations which was 
based on adiabatic vaporization data. 


G P, 


u(1—e) 


= 1.195 [ 


Cairns and Roper (1) obtained a simi- 
lar correlation for adiabatic vaporiza- 
tion data employing a_wetted-wall 
column: 


| ke My Pr | | Pou 
G Py 


pDy 


In a Jater attempt to test the usefulness 
of Equation (2) Cairns and Roper (2) 
obtained mass transfer data at high 
humidities for dehumidification runs in 
a wetted-wall column. These data 
however could not be correlated by 
Equation (2) or any other satisfactory 
method. 

has been deposited as docu- 
ment 6383 with the American Documentation 
Institute, Photoduplication Service, Library of 
Congress, Washington 25, D. C., and may be 


obtained for $1.25 for photoprints or 35-mm. 
microfilm. 
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Yoshida and Tanaka (11) on the 
other hand, working with columns 
packed with Raschig rings, were able 
to obtain satisfactory correlations of 
both vaporization and dehumidification 
data obtained at low humidities. There 
are several possible explanations for 
the different conclusions reached b 
Cairns and Roper (2) and Yoshida and 
Tanaka (11). The first is that correla- 
tions obtained for low solute concen- 
trations do not apply at high concen- 
trations for dehumidification. The 
second is that packed-column data lead 
to correlations which are not similar in 
form to those obtained for wetted-wall 
columns. The third, and most likely 
explanation, is that Cairns and Roper 
(2) used an oversimplified method of 
calculation to evaluate their data. They 
assumed the bulk liquid temperature 
was equal to the interfacial tempera- 
ture and employed a logarithmic mean 
driving force to calculate the mass 
transfer coefficients. These simplifica- 
tions are suitable for adiabatic vapori- 
zation work when the liquid tempera- 
ture is held constant at the adiabatic 
saturation temperature but are not 
justified for dehumidification work 
where heat transfer takes place in the 
liquid phase and the interfacial tem- 
perature may be substantially different 
from the bulk liquid temperature. 
Yoshida and Tanaka (11) working at 
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low humidities were able to estimate 
interfacial temperatures and employ 
a rigorous trial-and-error, graphical 
method of calculation to evaluate the 
mass transfer coefficients. 

In order to test the explanations of- 
fered above and the extension of the 
use of Equation (1) to dehumidifica- 
tion work an experimental investigation 
was undertaken to cbtain suitable de- 
humidification data. A short 0.5-in. 
Raschig ring packed column was em- 
ployed to dehumidify air-carbon tetra- 
chloride gas streams at low and high 
solute concentrations with cold liquid 
carbon tetrachloride. This system has 
a number of advantages over a wetted- 
wall column employing the air-water 
system. A short packed column has 
fluid-flow characteristics representative 
of all irrigated packed columns and 
has been shown (9, 10) to yield cor- 
relations in which the effects of varia- 
bles such as those contained in the 
Schmidt and Reynolds numbers are the 
same regardless of column height and 
diameter provided the column diame- 
ter to nominal packing-size ratio is 
greater than 8.0. 

When the air-carbon tetrachloride 
system is used, the physical properties 
of the gas stream are found to vary 
considerably with concentration which 
is not the case for the air-water system. 
For example the Schmidt number 
varies more than fivefold for air-carbon 
tetrachloride in the 0 to 0.70 solute 
mole fraction range, whereas it can be 
assumed constant for the air-water sys- 
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tem over the same concentration range. 
For this reason correlations developed 
with the air-carbon tetrachloride sys- 
tem are more likely to be of a suffi- 
ciently generalized nature to permit 
extension of their use to other systems. 
In addition, when physical properties 
vary rapidly with concentration, there 
is an opportunity to determine whether 
dimensionless groups evaluated at film 
or bulk conditions provide better cor- 
relations. 


Short packed columns have a short- 
coming however in that excellent gas 
and liquid distribution as well as even 
small end effects combine to yield 
much higher mass transfer coefficients 
than can be expected from the same 
packings in commercial installations. 
This factor limits the use of a short 
packed column to determining the 
form of a correlation and the effects of 
the variables. The actual prediction of 
mass transfer coefficients for design 
purposes should be based on methods 
which have been developed from data 
obtained with columns representative 
of those used in commercial installa- 
tions. Such methods have been dis- 


cussed in previous papers of this series 
(6, 7, 8). 


APPARATUS 


A schematic diagram of the apparatus 
employed in this work is shown in Figure 


The packed column used consisted of a 
4.0-in. I. D. pyrex tube packed to a depth 
of 1.5 in. with 0.5-in. diameter porcelain 
Raschig rings. The outside of the column 
was heated with nichrome heating wire 
and insulated to avoid condensation on 
the walls and maintain essentially adia- 
batic operation. Air flow to the column, 
provided by a blower, was metered by a 
calibrated set of rotameters. Coarse ad- 
justments of air flow were made with a 
variable speed drive on the blower, and 
valves located below the rotameters were 
used for fine adjustments. 
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The air supplied by the blower was 
heated to approximately 700°F. by a 4.5- 
kw. heater with a thermostatic tempera- 
ture controller. Carbon-tetrachloride vapor 
was supplied by a boiler heated with a 
2-kw. immersion heater with power input 
regulated by a variable transformer. The 
carbon-tetrachloride vapor was super- 
heated by passing through a length of 
pipe heated by two 400-w. flexible strip 
heaters. The hot carbon tetrachloride va- 
pors were then mixed with the hot air 
from the blower and passed through a 
heated, insulated pipe into the bottom of 
the column. The inlet gas temperature was 
measured just below the column by an 
iron-constantan thermocouple. The hot 
gases then passed through a gas distribu- 
tor consisting of a hollow cross of brass 
bar stock 5g in. wide and % in. deep. 
Two grooves were cut along the underside 
of each arm of the cross, and six ¥% holes 
were drilled along each groove from the 
end to the center of the cross, making a 
total of forty-eight discharge holes. 

The gas passed upward through the 
packing, and its temperature above the 
packing was measured by a mercury ther- 
mometer placed directly in the gas stream 
above the liquid distributor. From the 
column the exit gases passed through two 
double pipe heat exchangers that removed 
by condensation most of the carbon tetra- 
chloride remaining in the gas stream. The 
condensed carbon tetrachloride re- 
turned to the boiler and the air vented to 
the atmosphere. 

Liquid was supplied to the column by 
a’ 5-gal. steel constant head tank equipped 
with an overflow to assure constant liquid 
level. This tank was located approximately 
5 ft. above the top of the column. The 
liquid flow was metered by a calibrated 
rotameter and passed into the top of the 
column. It was discharged directly above 
the packing to minimize end effects. The 
liquid distributor consisted of ¥%4-in. cop- 
per tubing forming a continuous coil of 
two turns. Approximately fifty holes 1/32 
in. in diameter were drilled along the un- 
derside of the distributor. 

The temperature of the inlet liquid was 
measured by a glass enclosed iron-constan- 
tan thermocouple that extended directly 
into the liquid distributor through the 
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Fig. 1. Schematic diagram of apparatus. 
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liquid inlet line. A portion of the liquid 
leaving the packing was collected in a 
shallow trough and its temperature meas- 
ured by an iron-constantan thermocouple 
always immersed in fresh liquid from the 
packing in this trough. The exit liquid 
passed into a 5-gal. steel receiving tank 
located below the column. A gear pump 
was used to circulate the liquid. A glass 
wool packed filter was placed in the line 
between the pump and the constant head 
tank. Also a heat exchanger consisting of 
50 ft. of coiled 0.375-in. copper tubing in 
a galvanized iron jacket was placed in 
this line to cool the liquid to the proper 
inlet temperature. 

Inlet gas samples were taken from the 
inlet gas line % in. below the distributor. 
Exit-gas samples were taken through a 
sampling tube located just above the 
liquid distributor. The samples were 
drawn through 0.125-in. copper tubing 
by a slight constant vacuum, and analyses 
were made with a Consolidated Electro- 
dynamics Corporation Chromatographic 
Analyzer, type 26-201. The analysis was 
made for air, and the carbon tetrachloride 
concentration was determined by differ- 
ence. It was found that air peaks were of 
constant base width, so the air concentra- 
tion was determined by comparing the 
peak height for a given sample with the 
peak height for pure air. The carrier gas 
used was helium, and a constant flow rate 
was used that gave sharp air peaks repro- 
ducible to within 0.2%. 


PROCEDURE 


The chromatographic analyzer required 
approximately 8 hr. to reach equilibrium, 
and it was turned on and set the night 
before runs were to be made. 

The air flow was turned on first and the 
air heater set at 700°F. Power was sup- 
plied to the vapor line heating coils to 
bring the piping and insulation up to 
operating temperature. Then the boiler 
and carbon tetrachloride vapor line strip 
heaters were turned on, along with the 
column heating coil and sample line 
heaters. As soon as the inlet gas came up 
to fairly constant temperature, the liquid 
flow was started. A very high liquid rate 
was maintained for approximately % hr. 
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Fig. 2. Correlation of heat transfer data for 
vaporization runs. 
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Fig. 3. Dehumidification data evaluated with 
bulk liquid conditions and logarithmic mean 
driving forces. 


to thoroughly wet the packing, after which 
the desired flow rate was set. While the 
equipment was coming to equilibrium, a 
series of pure air peaks was taken on the 
chromatograph to be compared with sam- 
ple peak heights. 

Equilibrium conditions were determined 
by recording inlet and outlet gas and 
liquid temperatures. When all four tem- 
peratures became constant, equilibrium 
was attained. This condition required ap- 
proximately 4 hr. from initial start-up to 
be fulfilled. After equilibrium had been 
reached, an outlet gas sample was taken 
for analysis. The analyzer required about 
7 min. per sample, and readings of tem- 
perature, air flow, and column pressures 
were taken while the analysis was going 
on. Immediately after the outlet gas sam- 
ple was taken, the inlet gas-sample line 
was connected to the analyzer, allowing 
the inlet gas about 7 min. to flush out the 
sample valve. The inlet gas composition 
remained constant for long periods and 
was analyzed as soon as the outlet gas 
analysis was complete. 

When both gas samples had been ana- 
lyzed, the boiler setting and air rate were 
changed to the next desired conditions and 
the column allowed to reach equilibrium 
once more. An average of one hour was 
required for the equipment to return to 
equilibrium under new conditions, at 
which time the above procedure was re- 
peated. Pure air samples were taken be- 
fore each run to assure accurate gas analy- 
sis. 

In addition to the dehumidification runs 
a series of vaporization runs was made 
for comparison purposes. The procedure 
employed for these runs was described 


previously (10). 


METHODS OF CALCULATION 


Two methods of calculation were 
employed to evaluate the volumetric 
mass transfer coefficients k,a from the 
experimental data. The first is a simpli- 
fied method which was employed for 
both the vaporization and dehumidifi- 
cation data, although its use can be 
justified enly for the former. It assumes 
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Fig. 4. Dehumidification data evaluated with 
interfacial conditions and the rigorous method 
of calculation. 


that the interfacial temperature is 
equal to the bulk liquid temperature 
for determining the driving forces, and 
a logarithmic mean driving force based 
on terminal conditions is employed as 
follows: 


N 
Pr (Ay) im 
where 
(yi—y)i— y)2 
(Ay) im J 
(yi 
| | 
(yi —y)s 


(4) 


and N,a is the pound moles of carbon 
tetrachloride transferred per hour per 
cubic foot of packing as calculated 
from the measured air rate and the 
analyses of the inlet and outlet gas 
streams. 

The second method of calculation 
represents an attempt to evaluate k,a 
for the dehumidification runs by a 
rigorous procedure. It involves estimat- 
ing the actual interfacial temperatures 
at several points in the column for each 
run. The true driving forces are then 
employed in a graphical integration 
procedure to evaluate k,a. An outline 
of the method follows; a complete cal- 
culation is available elsewhere (4). 

The interfacial temperature can be 
determined by a trial-and-error pro- 
cedure for any point in the column 
from the following transfer equation: 


koa Pr(y — yi)d 
h,a(Te T;) = h,a(T; 


(5) 


To use this equation it is necessary to 
know the appropriate values of the 
transfer coefficients k,a, and hya. 
The mass transfer coefficient k,a was 
taken from the correlation for vaporiza- 
tion data obtained in a similar column 


A.1.Ch.E. Journal 


© VAPORIZATION RUNS 
@  DEHUMIDIFICATION RUNS 


My Py 
Gav 


10,000 
G 


Fig. 5. Comparison of vaporization and dehu- 
midification data obtained with the same 
packed column. 


by Shulman and Delaney (10). The 
gas-phase heat transfer coefficient hea 
was estimated from the line on Figure 
2 which combines the vaporization 
data of this work with that of Shulman 
and Delaney (10). The liquid-phase 
heat transfer coefficient h,a for the 
liquid rate employed was estimated to 
be 13,900 B.t.u./(hr.) (cu. ft.) (°F.) 
from the data of Yoshida and Tanaka 
(11) corrected for differences in inter- 
facial areas by taking the ratio of ha 
values and for differences in liquid 
physical properties by taking the ratio 
of heat transfer coefficients in tubes 
under similar conditions. 

To evaluate a gas composition and 
temperature corresponding to an inter- 
mediate bulk liquid temperature the 
bulk gas and liquid temperatures are 
taken as varying linearly with gas- 
phase enthalpy. Since the gas-phase 
enthalpy varies rapidly with composi- 
tion and relatively slowly with gas 
temperature, it can be used to calculate 
a gas-phase composition corresponding 
to a bulk liquid temperature at an in- 
termediate point in the column. 

The calculated values are used to 
plot an operating line y vs. T; and an 
equilibrium line y; vs. T; on a y-T, 
diagram. Vertical differences between 
the two lines give the true gas-phase 
driving force y — y; which is employed 
with the following rigorous equation 
developed from an equation given by 
Sherwood and Pigford (5): 


koa PrZ dy 
Go (1—y)* (y— ys) 
(6) 


The integral is evaluated graphically 
for each run. 

Viscosities and diffusivities were cal- 
culated by the methods outlined by 
Hirschfelder, Curtis, and Bird (3). 
The reported gas rates are an average 
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of the inlet and outlet rates. Molecular 
weights and physical properties are de- 
termined from an average of inlet and 
outlet compositions and temperatures 
except as noted. The Schmidt number, 
which varies rapidly with changing 
composition but is almost independent 
of temperature changes, is always eval- 
uated at film conditions, that is an 
average of inlet and outlet bulk and 
interfacial conditions. The reported 
values of Py, are the arithmetic aver- 
age of the Pz, at the inlet and outlet 
ends of the column. 


The experimental results are pre- 
sented as plots of Mx Pr/G] 
Dy] vs. G/p in 
place of the terms shown in Equation 
(1). Shulman and Delaney (10) 
showed that data could be correlated 
equally well by either method and con- 
clusions drawn from one applied to the 
other. 


EXPERIMENTAL RESULTS 


Dehumidification data were taken 
with inlet concentrations as high as 
0.843 mole fraction carbon tetrachlor- 
ide. To detect effects at different con- 
centration levels an attempt was made 
to classify the data approximately by 
concentration level in some of the fig- 
ures. Figure 3 shows the first attempt 
at correlation with the dehumidifica- 
tion data evaluated by the use of bulk 
liquid temperatures and _ logarithmic 
mean driving forces. This method was 
found to correlate vaporization data by 
both Shulman and Delaney (10) and 
Cairns and Roper (1). This method is 
no more successful in this case than it 
was with the dehumidification data of 
Cairns and Roper (2). The data are 
seen to scatter, although data at the 
same concentration level fall together. 
A simple correction for concentration 
level does not lead to a successful cor- 
relation because the effect of gas rate 
is not the one expected from Equation 

The second method of correlation is 
shown in Figure 4 with the data evalu- 
ated by means of interfacial conditions 
and the rigorous method of calcula- 
tion. The broken line is the line of 
Shulman and Delaney (10) for vapor- 
ization data in a similar column. The 
data have been brought together with 
almost all of the separation at different 
concentration levels eliminated. In ad- 
dition the best line through the data 
would show the effect of gas rate pre- 
dicted by Equation (1). To explain 
why the data did not fall on the line 
given by Shulman and Delaney (10) 
for vaporization data a series of vapor- 
ization runs was made in the same col- 
umn used for the dehumidification 
runs. Figure 5 shows both sets of data. 
It can be seen that both vaporization 
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and dehumidification data to- 
gether satisfactorily when the data are 
obtained in the same column. The fact 
that the earlier data of Shulman and 
Delaney (10) lie on a parallel line be- 
low that of this work can probably be 
explained by the differences introduced 
in repacking a short column which 
contains as little as 1.5 in. of packing. 
Differences in the packing arrangement 
or some slight modification of end ef- 
fects could easily produce the observed 
differences. 

Of the three alternative explanations 
offered to explain the Cairns and Roper 
(2) results the present data indicate 
the use of incorrect interfacial tempera- 
tures, and the use of the logarithmic 
mean driving force accounts for the in- 
ability to obtain a satisfactory correla- 
tion. 


SUMMARY AND CONCLUSIONS 


Vaporization and dehumidification 
data from this and previous work at 
low and high solute concentrations in- 
dicate mass transfer coefficients for 
packings can be correlated by 


G pDy 


D,G 
p(1—e) (1) 


when the Schmidt number is evaluated 
at average film conditions and _ inter- 
facial conditions are employed with 
rigorous calculations to evaluate the 
mass transfer coefficients. 

The constant 1.195 in Equation (1) 
is based on the work of previous in- 
vestigators who employed columns and 
systems for which end effects could be 
eliminated or evaluated rather than on 
the data of the present work. 

The present work makes it possible 
to extend the use of Equation (1) and 
the effective interfacial areas reported 
previously (6, 7, 8,9) to predict k.a 
for a wide variety of gas-liquid contact- 
ing operations when the physical prop- 
erties of the system are known. 


1.195 
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NOTATION 

a = effective interfacial area, sq. 
ft./cu. ft. 

Gz = specific heat, B.t.u./(Ib.) 
(°F.) 

D = equivalent diameter or char- 
acteristic dimension, ft. 

= diameter of sphere posses- 


sing the same surface area as 
a piece of packing, ft. 
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Dy, = diffusivity of solute in. gas, 
sq.ft./hr. 

G = superficial gas rate, lb./(hr.) 
(sq. ft.) 

G’ = superficial molar inert gas 


rate, lb. moles/(hr.) (sq.ft.) 
he = gas-phase heat transfer coef- 


ficient, B.t.u./(hr.) (sq.ft.) 
(°F.) 

h, = liquid-phase heat transfer co- 
efficient, B.t.u./(hr.) (sq.ft.) 
(°F.) 

k = thermal conductivity, B.t.u./ 
(hr.) (sq.ft.) (°F./ft.) 

ke = gas-phase mass transfer coef- 
ficient, Ib. moles/(hr.) (sq. 
ft.) (atm. ) 

My = mean molecular weight of 
gas. lb./Ib. mole 

Na = rate of mass transfer, lb. 
moles/ (hr.) (sq.ft.) 

Psy |= mean partial pressure of in- 
ert gas in the gas phase, atm. 

P, = total pressure, atm. 

T = temperature, °F. 

y = solute mole fraction 

(Ay)im = logarithmic mean driving 
force, mole fraction 

Z = height of packing, ft. 

€ = void fraction, cu.ft./cu.ft. 

N = latent heat of vaporization, 
B.t.u./Ib. mole 

= gas viscosity, lb./(hr.) (ft.) 

p = gas density, lb./cu.ft. 

Subscripts 

] = bottom of packing 

2 = top of packing 

1 = at the interface 

G = gas phase 

L = liquid phase 
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Transient Response Study of Gas Flowing 


Through Irrigated Packing 


FRANCESCO DeMARIA and ROBERT R. WHITE 
University of Michigan, Ann Arbor, Michigan 


The transient response of a gas phase as it flows through an irrigated packed column can 
be interpreted as a distribution of time spent by the elements of gas as they flow through the bed. 
A step function in helium concentration was introduced in the entering air stream of a 
column packed with Raschig rings, and the outlet concentration was recorded with time. Water 
was used as the liquid phase. Size of Raschig rings, depth of bed, water and gas flow rates 


were the main variables investigated. 


The response curve for the gas reveals an increasing departure from uniform flow of the 
gas stream as liquid and gas rates are increased to flooding. The first and second moments of 
the time distribution give directly the porosity and the axial dispersion of the gas. These quanti- 
ties have been found to be mainly dependent on liquid flow rates. The skewness which charac- 
terizes the weight that the various gas elements have on the dispersion about the average resi- 
dence time has been found to give a convenient measurement of the uniformity of gas flow 


through the bed. 


Recently unsteady state experimen- 
tal methods have gained increased at- 
tention in chemical engineering re- 
search because the time distribution 
characterizes the system and may also 
provide a similarity criterion in the 
scale up of equipment. 

Unsteady state experiments are based 
on the measurements of the response 
of the system to a known disturbance 
in experimental conditions. Work of 
this type has already been reported for 
relatively simple process systems such 
as single-phase flow in pipes and 
packed beds (2, 6, 8, 11, 13, 26), re- 
actors (7, 14, 15, 29, 34), and heat 
exchangers (3). 

An unsteady state investigation of 
packed gas-liquid absorption equip- 
ment appeared to be both useful and 
interesting for the following reasons. 

1. Simplified equipment such as 
wetted-wall columns and disk absorp- 
tion columns yields data which are not 
easily applicable to predictions on the 
performance of packed absorbers (5). 


Francesco DeMaria is with American Cyanamid 
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phia, Pennsylvania. 


Vol. 6, No. 3 


Mass transfer data obtained from ex- 
perimental columns operated at steady 
state conditions appear to be in wide 
disagreement (27). These difficulties 
are apparently due to the fact that 
little is known about the flow of layers 
of liquid and gas over discontinuous 
surfaces. It is possible that information 
on the distribution of residence times 
of the gas and liquid streams flowing 
through the column may provide a 
satisfactory parameter for the correla- 
tion of absorption equipment perform- 
ance. 

2. Unsteady state experimental tech- 
niques applied to gas-liquid flow 
systems present unusual problems con- 
cerning the introduction of a predeter- 
mined disturbance in one of the entering 
phases and the separation of the efflu- 
ent phase for rapid analysis; thus work 
of this nature has been scarce (18, 21). 

The problem was limited to the 
study of the gas-phase response to a 
step function in tracer concentration in 
the inlet stream. Complicating effects 
such as absorption or chemical reac- 
tion between the liquid and gas streams 
were eliminated. The method of intro- 
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duction of the transitory disturbance 
permitted the measurement of the 
column volume occupied by the gas 
and the degree of longitudinal mixing 
as function of gas and liquid flow rates 
and packing sizes. 


THEORY 


The residence-time distribution is 
defined as the fraction of the entering 
feed flowing in the effluent per unit 
time which has been in the reactor be- 
tween time, t, and ¢t + dt. This quan- 
tity is usually indicated as E(t). Danck- 
werts (6) has discussed in detail the 
manner in which the residence-time 
distribution can be determined from 
experiments in which the tracer is in- 
jected at the inlet either as an instan- 
taneous pulse or as a step in its concen- 
tration. 


Moments of the Residence-Time 
Distribution 

The moments of the residence-time 
distribution are defined 


PE(t)dt (1) 
and may be used to characterize the 
time distribution. Table 1 lists the first 


four moments from the zero to the 
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third and the corresponding relation- 
ships in terms of the effluent concen- 
tration for a step input. 

The zero moment is equal to unity 
since the sum of all fractions of feed 
over all times must be equal to one. 
(6). 

The first moment of the residence- 
time distribution is equal to the mean 
age of the gas in the system, 6. As in- 
dicated in Table 1 this quantity is 
equal to the average residence time 
calculated as «V/q. van der Laan (32) 
and later Spalding (31) have indicated 
that whenever there is considerable 
diffusional transport across the inlet 
and/or outlet boundary the _ first 
moment will be greater than the aver- 
age residence time «V/q. The excess 
of @ over «V/q is a function of the 
longitudinal mixing occurring in the 
system. The first moment is primarily 
a function of the throughput and is 
relatively insensitive to longitudinal 
mixing. 

The second moment about the mean 
residence time is a measure of the dis- 
persion of the time distribution. This 
quantity shown in Table 1 has dimen- 
sion of sec.? and is indicated by the 
symbol S,”. Levenspiel and Smith (23) 
call the dimensionless second central 
moment a variance and indicated it by 
the symbol o*. 

In the type of experiments discussed 
here the signal is introduced in such a 
manner that the concentration normal 
to the direction of flow is uniform and 
the dispersion about the mean ex- 
hibited by the residence-time distribu- 
tion is mainly caused by the longitudi- 
nal mixing taking place in the bed. It 
has been shown by Levenspiel and 
Smith (23) that for a model in which 
turbulent diffusion is responsible for 
this longitudinal mixing the variance 
is equal to 


QE 
(2) 
oL o L? 


so that when the dimensionless group 
oL/E is sufficiently large 


2E 
oL (3) 
Another model visualizes packed 


beds as made up of a series of com- 
pletely mixed cells. Klinkenberg and 
Sjenitzer (19) have shown that the 
dispersion in this case is 


= — (4) 


The similarity between the turbulent- 
diffusion approach and the series of 
completely mixed stages model has 
been discussed by many authors (1, 2, 
18, 19, 26) who have pointed out in 
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various ways that for equivalence of 
the two models 
oL 

(5) 
for large enough values of vL/E. This 
result is obtained by combining Equa- 
tions (3) and (4) keeping in mind 
that (3) is only approximately correct 
for large values of vL/E (23, 32). 

The first moment, being essentially 
equal to the average residence time 
«V/q, can be used to determine the 
void volume or the volumetric flow 
rate, whichever is unknown, or as a 
test of consistency for the experimental 
data. The second moment or the vari- 
ance gives directly the effective diffu- 
sion coefficient or the number of per- 
fectly mixed stages. In those cases in 
which the longitudinal mixing is large 
however these simplified relations may 
not hold. van der Laan suggests more 
appropriate methods of obtaining the 
longitudinal mixing parameter (32). 


Deviations from Uniform Flow 

In absence of any information on the 
actual velocity distribution in the 
column the dispersion of the time dis- 
tribution, while giving a measure of 
the degree of longitudinal mixing, 
yields no information about the rela- 
tive weight that the various fractions 
of feed have on the total dispersion. 
The third central moment of the distri- 
bution or the skewness defined in 
Table 1 may provide such additional 
information. For a series of perfectly 
mixed: stages the skewness is 2/n* when 
the flow through the bed is uniformly 
distributed. It follows therefore that 
the difference between the skewness 
and twice the square of the dispersion 
should be a measure of the degree of 
departure from uniform flow. Should 
this difference be large, neither turbu- 
lent diffusion nor the series of perfectly 
mixed stages would be satisfactory cor- 
relation models since they both assume 
uniform flow velocity across the bed. 


End Effects 

In the event that the experimental 
apparatus must include entrance and/ 
or exit sections which cannot be con- 
veniently isolated from the test section, 
the mixing introduced by such end 
effects can be expressed by well estab- 
lished statistical principles (4). The 
moments of the time distribution for 
each section of a system may be added 
if the statistical events taking place 
within each section are independent. 
Thus for the first moment of the distri- 
bution 


6=6,+ --- +4, (6) 
For the second central moment 
— + + + (6a) 


and for the variance 
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(6b) 


Klinkenber and Sjenitzer have given 
examples of this procedure (19), 
When considerable diffusional trans- 
port exists at the boundary between 
two sections of the system, independ- 
ence of the statistical events takin 
place in each: section should not be 
expected. 


EXPERIMENTAL 


The experimental apparatus was de- 
signed to introduce a signal of helium 
tracer in the inlet gas stream of an absorp- 
tion column of suitable dimension and re- 
cord the composition of the outlet con- 
tinuously and with minimum delay. The 
equipment therefore consists of a gas and 
liquid supply, a packed test column, and a 
gas analyzer. 


Flow System 

Figure 1 shows a diagram of the 
equipment. Compressed air at 50 lb./sq. 
in. is humidified in a brass column 4 in. in 
diameter and 4 ft., 8 in. in height. The air 
rate is measured through a bank of three 
rotameters in parallel and is adjusted and 
maintained constant by a pressure regulator. 

Pure helium or a mixture of 15% 
helium and 85% nitrogen are used as 
tracers. The tracer flow after a primary 
reduction in pressure is maintained at a 
constant rate by means of a second pres- 
sure regulator. A three-way solenoid valve 
immediately before the inlet to the test 
column permits replacing the air flow to 
the column with tracer or the introduction 
of a pulse of tracer as slugs of short dura- 
tion in the air stream. 

The test column is made out of 4-in. I.D. 
flanged Pyrex glass pipe. The bottom sec- 
tion of the column is conical, and a %4-in. 
I.D. liquid outlet is located at the vertex 
of the cone. An adjustable liquid level 
device is used to maintain an adequate 
liquid seal to allow the outgoing liquid 
to disengage any gas bubbles before going 
to the drain. The total volume of the 
bottom section from the three-way solenoid 
valve to the beginning of the packing is 
0.0065 cu. ft., and it constitutes 1.5 to 
2% of the total volume of the column de- 
pending on the height of the mid-section. 

The upper extremity of the column is 
reduced in diameter to 2-in. I.D. for con- 
nection with the gas analyzer. The liquid 
is introduced on a side inlet and _ is 
distributed by six jets made of 1-%-mm. 
capillary tubing evenly spaced on a 3-in. 
radius. The volume of the upper section is 
0.0437 cu. ft. The mid-and upper-column 
sections are completely filled with packing 
up to the gas analysis cell. Thus a portion 
of packing which is in the upper section 
remains dry during the gas-liquid runs be- 
cause it is above the liquid distributor. 

The column is packed with Raschig rings 
of %4-3g-and 14-in. nominal diameter. The 
rings were made of unglazed porcelain. 


Continuous Gas Analyzer 


A continuous and accurate recording of 
the tracer concentration in the gas stream 
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Fig. 1. Flow diagram. 


is obtained from an alpha particle ioniza- 
tion cell. Deisler, McHenry, and Wilhelm 
(9) used such analyzers for binary and 
ternary gas mixtures above atmospheric 
pressure. Details of the analyzer and re- 
corder circuit are shown in Figure 2. 

The electrodes of the cell are two 
rectangular stainless steel plates. The 
rectangular cell geometry was chosen to 
give most favorable current stability and 
noise characteristics. When one uses pure 
helium as the tracer, the output is exceed- 
ingly stable and free of stray noise. The 
plate used as the alpha particle emitter 
has on one side an active area of 1%-in. 
by 1%-in. covered with 100 ug. of radium 
266 rolled in gold foil. The other plate is 
the ion collector. The plates are spaced at 
a distance of 1 in. within a 2-in. O.D. 
Teflon mount especially streamlined to 
minimize extraneous mixing of the gas 
entering the cell. The assembly is housed 
in a specially fabricated glass-flanged tube 
3 in. long which is inserted between two 
2-in. Pyrex brand pipe flanges forming the 
connection between the top of the test 
column and the exhaust pipe. The glass 
housing and the high impedance leads are 
shielded with brass foil. 

A potential of about 1,000 v. across the 
electrodes is necessary to collect all the 
ions formed by the alpha particles. Thus 
this voltage was selected as standard 
throughout the experimental work. The 
output current of the electrodes at 1,000 
vy. potential varies linearly with helium 
concentration from a value of 1.9 x 10° 
amp. for pure helium to 9.1 x 10° for air. 

The low output current from the elec- 
trodes is boosted by a 187 megohm re- 
sistor across the ion collector plate and the 
ground to a maximum potential drop of 
17 v. To allow the use of 15% helium 
85% nitrogen mixture as a tracer a current 
blocking circuit is inserted in series with 
the resistor. This consists of a 15-v. mer- 
cury battery connected with inverted 
polarity so that this constant voltage is 
subtracted from the high resistance circuit; 
the maximum output voltage corresponding 
to 100% air is 2 v. The high sensitivity 
circuit causes a certain amount of noise to 
be detected in the cell output; thus a 
250uu farad capacitor was added across 
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the high sensitivity circuit to damp some 
of it out. 


The increased capacitance of the high 
sensitivity circuit resulted in an increase 
in the time constant of the analyzer re- 
corder system from 0.005 to 0.05 sec. In 
the experiments performed the average 
residence time varied from about 4 to 80 
sec.; thus the lag of the analyzer recorder 
system was ignored since it constituted in 
most cases less than 1% of the total time 


lag. 


Preliminary Tests 

The manner of introduction of the 
tracer at the column inlet was soon limited 
to step changes in concentration since it 
was found impossible to inject an ap- 
preciable amount of tracer in a short in- 
terval of time, as compared with the con- 
tact time of the gas flowing through the 
column, in order to approximate an im- 
pulse signal. 

Pure helium was first used as a tracer in 
preliminary work. It was found however 
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Fig. 3. Axial mixing through beds of spheres and Raschig rings 
(Peclet number vs. Reynolds number). 


that when the helium displaced the air 
through the column, the response curves 
were severely distorted especially at low 
flow rates. This phenomenon was attributed 
to the presence of convective currents due 
to the difference in density of the two 
gases. 

Most of the experimental work used as 
tracer a mixture of 15 volumes of helium 
and 85 volumes of nitrogen. The difference 
in density with air is about 16%, and the 
resulting response curves for the tracer 
displacing the air and for the air displac- 
ing the tracer were in reasonable agree- 
ment. 


Standard Experimental Technique 


Raschig rings of the desired size were 
introduced into the column by partially 
filling the column with water, then 
slowly pouring the rings from the top. 
The water prevented breakage and 
provided slow and even settling of the 
rings. 

The porosity of the dry bed was de- 
termined by back filling the column with 
a known amount of water and measuring 
the resulting increase in liquid level. 

For an irrigated packing run the pack- 
ing was first thoroughly wetted by ad- 
justing the water rate to 6,000 lb./hr./sq. 
ft. for about 1 hour. Then a series of 
runs was performed by adjusting the liquid 
and gas flows to the desired rates. For each 
liquid flow rate the column was allowed to 
reach equilibrium for about a half-hour. 
Then response curves were recorded at 
15-min. intervals and compared by super- 
position to note if the curves were exactly 
congruent. If not the gas and liquid flow 
rates were checked and the procedure 
repeated until two successive sets of curves 
were in agreement. When flooding was 
reached, the flow conditions through the 
column were too erratic to obtain consist- 
ent response curves so that no data was 
obtained on or about this range of con- 
ditions. Only for run W-19 was a reason- 
able agreement for successive response 
curves obtained even though the column 
was flooded. The dynamic liquid holdup 
was measured at the end of some of the 
irrigated packing runs by interrupting 
simultaneously the gas and liquid flow and 
collecting the total amount of liquid 
drained from the column. 

When a series of runs was completed 
and a change over of packing was neces- 
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TABLE 1. QUANTITIES CHARACTERIZING A SYSTEM IN TERMS OF ITS TRANSIENT RESPONSE 


Relationships in terms of outflow concentration 


Moments of the distribution of residence-times function E(t) 


Zero moment of E(t) vs. t f 


About t = 0 axis 
First moment of E(t) vs. t 


About t = 0 axis 
Dispersion, second moment 


of 0E(t) vs. 
About t/@ = 1 axis 


Skewness, third moment of 
(t) vs. t/6 


About t/@ = 1 axis 


‘E(t)dt=1 


Step input 
from 0 to Co 


f dc/C, =1 


Impulse input (amount 
Q of tracer injected 
instantaneously) 


= 


tE(t)dt = = 0 = Stott = 

of l-c/C.)dt S tcdt 
+ 2 49 & 42 


* This relationship holds only in those cases where transfer of mass at the inlet and outlet boundaries is negligible. 


sary, the porosity was again checked. Then 
the packing was removed and weighed in 
such a manner as to determine the total 
number of particles. 


RESULTS AND DISCUSSION 


Dry Packing 


The experimental effort was first 
directed to the study of the gas phase 
mixing through the bed in order to 
verify the suitability of the equipment 
and the method of analysis against 
existing data. 

Consistency Checks. The consistency 
of the gas holdup information furnished 
by the transient response curve was 
checked by comparing @ with the aver- 
age residence time computed from the 
known void volume and gas flow rates. 
For the twenty-three experiments per- 
formed (10) the agreement between 
these two quantities was found to be 
within + 8%. The random deviation 
could be easily accounted for by con- 
sidering the precision of the rotameter 
calibration, the reading of the recorder 
traces, and the subsequent handling of 
the data by graphical integration. It 
was thus concluded that for the system 
under study the mean age @ was for 
practical purposes equal to the resi- 
dence time. 

In accordance with the correlation 
models discussed previously the vari- 
ance is equal to the reciprocal of the 
number of perfectly mixed stages in 
series or approximately equal to 2E/ 
vL. The latter quantity was estimated 
independently by superimposing a 
graph of c/C, vs. t/@ as obtained from a 
given recorder trace over previously 
prepared graphs for the infinite column 
solution of the diffusion equation with 
increments of the group vL/2E of ten 
units from vL/2E = 80 to vL/2E = 
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200. The variance and the group 2E/ 
vL were found in all cases within 10% 
in good agreement with the theory, 
and Equation (5) was considered ade- 
quate for the purpose of this data 
analysis. Because the variance as cal- 
culated from the response curves was 
believed more accurate than the esti- 
mation of the group vL/2E, it was 
decided to adopt the number of mixing 
stages or the inverse of the variance as 
a measure of the extent of mixing tak- 
ing place in the column. 

Considerable attention was given to 
end effects introduced by entrance and 
exit sections to the test column. The 
correlation model, in which the packed 
bed is considered as made up of a 
series of perfectly mixed stages, gives 
the height of a mixed stage: 


L 
HMU = — (7) 
n 


Accordingly two bed heights 3 and 4 
ft. were investigated to ascertain the 
presence of end effects. The average of 
all runs for the shorter bed gives a 
height of a mixed stage of 0.0247 ft. 


as compared with 0.0228 ft. for the 
longer bed. 


On the assumption that the empty 
entrance section is equivalent to a per- 
fectly mixed stage, the calculated vari- 
ance was corrected by subtraction of 
the empty section contribution to the 
total variance in accordance with Equa- 
tion (6b). After correction the average 
bed heights are 0.0228 and 0.0214 for 
the shorter and longer bed, respectively. 

Consequently while the height of a 
mixed stage for the two bed lengths 
before correction differs by 8%, the 
difference is only 6% after the end 
correction is applied. This type of be- 
havior is expected if the correction is 
real. On this basis it is presumed that 
the height of a mixed stage can be con- 
sidered independent of column height. 

It should be noted that no attempt 
was made to determine the actual 
degree of mixing taking place in the 
entrance section. The assumption that 
this section corresponds to one com- 
plete mixer leads to the largest possible 
correction, and as seen above this is 
quite small and within the precision 
of the data. 

It may be seen from Figure 1 that 
the exit section varies in diameter from 
4 down to 2 in. In order to take this 
fact into account an effective column 


TABLE 2. CHARACTERISTIC LENGTHS FOR PECLET NUMBER CORRELATION 


Particle Num- 
Wonsinal bed we Mean Peclet number 
particle diameter runs with D, 2Dm 
diameter, ratio, random NPe = —— NPe’ = 
in. D/D: packing HMU HMU HMU 
Yq 0.0625 22 1.87 1.73 0.331 
3% 0.0938 8 2.18 2.04 0.357 
i 0.1250 10 1.89 1.82 0.335 
Mean value of above numbers 1.98 1.86 0.340 
Mean square deviation 0.03006 0.02543 0.00043 
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Fig. 4. Effect of liquid flow rate on porosity of irrigated packing. 


length was used in the calculation of 
the height of a mixed stage. This was 
taken equal to the total volume of the 
equipment divided by the nominal 
column diameter (4 in.). To verify 
that this assumption was correct, runs 
were made with the upper section left 
empty and without distributor or com- 
pletely filled with packing. The height 
of the mixed stage, computed by the 
use of the actual length of the test 
section in the first case and the effec- 
tive column length in the latter case, 
was found in good agreement. 
Comparison with Previous Investiga- 
tors. An extensive study of axial mixing 
for gases flowing through packed beds 
of spheres is reported by McHenry 
and Wilhelm (26), who used a fre- 
quency-response technique. The data 
of these authors is represented in Fig- 
ure 3 as a shaded band indicating the 
95% confidence limits for the Peclet 
number. The data for the Raschig rings 
as obtained in the present work are 
also shown in Figure 3. The Peclet 
number is calculated as the ratio of 
twice the nominal particle diameter to 
the height of a perfectly mixed stage, 
and it is analogous to the Peclet num- 
ber used by McHenry and Wilhelm 
except that the nominal ring diameter 
is used in place of the diameter of 
spheres. The gross agreement between 
the two sets of data as shown by Fig- 
ure 3 may be quite fortuitous because 
clearly there is little hydrodynamic rela- 
tionship between Raschig rings and 
spheres having the same diameter. 
However this figure serves to point 
out that the Peclet number is of the 
same order of magnitude in both sets 
of experimental data for both techni- 
ques of signal input, that is step-func- 
tion response and frequency response. 
An analogous conclusion was also 
obtained by Ebach (11) who has ex- 
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tensively studied axial mixing of liq- 
uids through packed beds of spheres 
and other packing shapes. The dotted 
line in the lower region of Figure 3 is 
representative of data obtained in his 
experiments with two types of unsteady 
state t-chniques, that is transient and 
frequency response. Other data for 
liquids obtained by Danckwerts (6) 
and Kramers and Alberda (18) also 
fall in the neighborhood of the dotted 
line. 

A statistical analysis of the data ob- 
tained on Raschig rings shows that a 
least squares straight line through the 
points plotted on Figure 3 has no 
significant slope. Thus no apparent 
effect of Reynolds number in the in- 
vestigated range is detectable. There- 
fore the Peclet number can be ex- 
pressed as the true mean of forty points 
and is found to be equal to 1.94 + 
0.07. In statistical language the fore- 
going can be expressed as: 


Pr (2.01 > N Pe > 1.87)= 95% (8) 


These results compare well 
those of McHenry and Wilhelm. 
Effect of Particle Diameter. In the 
preceding paragraph it was tacitly as- 
sumed that the Peclet number com- 
puted as the ratio of the nominal 
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Raschig ring diameter to the height of 
the mixing stage was independent of 
particle diameter. However this dimen- 
sion is seldom used to characterize 
Raschig rings. More frequently the 
equivalent spherical diameter D, is 
used (22). Ebach (11) employed this 
quantity in the study of axial mixing of 
hquid flowing through a bed of Ras- 
chig rings. For pressure drop through 
granular beds Kozeny (20) suggested 
as hydraulic mean diameter the quan- 


tity 


ta € € (9) 
~ 
For spheres this quantity is 
eD 
10 
6(1—e) 


Since the porosity for a packed bed of 
spheres varies about a value of 0.4, 
the value of D,, is approximately 1/10 
of the actual diameter of the sphere. 

Table 2 was prepared to compare 
the suitability of each of these quanti- 
ties in the correlation of the data. 

On the basis of the foregoing results 
it is apparent that the hydraulic mean 
diameter is the best correlation param- 
eter for the effect of particle size and 
porosity on Peclet number. 

It should be noted that no attempt 
was made to study experimentally the 
hydrodynamic relationship between 
Raschig rings and other shapes such as 
spheres. No universal simple relation 
exists among all shapes to a common 
characteristic length. As the result of 
this work Kozeny’s hydraulic mean 
diameter would appear to be a more 
general characteristic length than the 
nominal particle diameter. This quan- 
tity however is also a function of the 
packing porosity which varies accord- 
ing to the method of packing or with 
liquid and gas flow rates in the ir- 
rigated runs. For this reason the nomi- 
nal diameter of the rings was preferred 
in the calculation of the Reynolds 
number which is used as the independ- 
ent variable. 


Irrigated Packing 
Wet Porosity. The porosity of the 
wet packing and the extent of mixing 
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taking place in the gas stream were 
measured in a series of forty-two runs 
(10). The variables investigated were 
gas and liquid flow rates and diameter 
of Raschig rings. 

Dry-packing experiments served to 
verify that the mean age, as obtained 
from recorded concentration-time 
curves, can be used to calculate the 
volume of the bed occupied by the 
gas. On this basis the porosity of the 
irrigated bed for which no_ other 
method of direct measurement is pres- 
ently known is calculated from a 
knowledge of the mean age of the gas 
@ and the corresponding volumetric 
flow rate. The data is shown graphi- 
cally in Figure 4, where the wet poros- 
ity is plotted vs. the Reynolds number 
of the liquid. It can be seen here that 
the liquid rate is the most important 
variable and that the relationship be- 
tween the liquid rate and the porosity 
is exponential in the liquid Reynolds 
number. Accordingly the equation 


€w D 2.31 
—= 0.90 x 10—3-43 x 104(—) Nre,, 
€ Di 


(11) 


was found to correlate the data. The 
statistical details of the correlation and 
confidence interval of the constants 
used in Equation (11) are reported 
elsewhere (10). 

The intercept €,. of the wet porosity 
vs. liquid Reynolds number plot (F ig- 
ure 4) represents the porosity of the 
wet packing at zero liquid flow rate; 
thus the difference — should 
correspond to the dynamic holdup. 
This quantity was found to be in good 
agreement with the amount of liquid 
drained from the column where both 
liquid and gas rates were suddenly 
interrupted in nine runs with 4-in. 
packing (10). The values of ¢., — €w 
for %- and %4-in. rings are also in fair 
agreement with operating holdup data 
of Shulman, Ullrich, and Wells (30) 
and Jesser and Elgin (17) considering 
slightly different packing dimensions, 
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liquid Reynolds number). 


differences in porosities of the dry 
packing, and differences in drainage 
time. 

End Effects and Departure from 
Uniform Flow. For the irrigated pack- 
ing experiments the packed test column 
was made up of three portions: a bot- 
tom empty entrance section, an irri- 
gated section, and a section remaining 
dry above the liquid distributor. Again, 
it is assumed that the bottom section is 
equivalent to a complete mixer. The 
number of mixed stages contributed by 
the dry section of packing above the 
liquid distributor is estimated from the 
results of previous experiments on dry 
packing. The significance of the correc- 
tion as applied to the variance is best 
understood when data on beds of dif- 
ferent depths are compared; this is 
done in Table 3 where data obtained 
from 1%4-in, Raschig ring beds having 
irrigated depths of 3 and 4 ft. are com- 
pared under similar operating condi- 
tions. For each run the height of a 
perfectly mixed stage as calculated 
from the variance before and_ after 
correction is reported. A more satisfac- 
tory agreement is obtained after the 


correction is applied. The end effects 
appear to be adequately accounted for 
on this basis, and the bed depth is no 
longer considered as a pertinent vari- 
able. 

In the study of the gas mixing 
through the irrigated packing it was 
noted that as the liquid and gas flow 
rates were increased, the response of 
the system could no longer be corre- 
lated in terms of any of the models 
discussed in the theory in which uni- 
formity of flow is assumed. 

As previously suggested the differ- 
ence between the skewness and twice 
the square of the variance was assumed 
to be a measure of the degree of de- 
parture from uniform flow or channel- 
ing. Figure 5 gives a graphical presen- 
tation of the distortion in the response 
curves by comparing a theoretical curve 
for which the quantity v — 20° is zero 
with an experimental curve having the 
same variance, but for which v — 20° 
is increasingly important. 

The magnitude of the deviation from 
uniform flow was found to be some- 
what erratic (10). Although this is 
partly due to the difference of two 


TABLE 3. EFrFrect OF IRRIGATED BED DEPTH ON LONGITUDINAL MIXING 


Air displacing tracer 


Nomi- Depth Liquid Air Height Tracer 
nal ofirri- flow flow of mixed — Cor- flow 
Run packing gated rate, rate, Calcu- stage rected Heightof rate, 
num- diame- pack- lb./hr. lb./hr. lated dis- (uncor- dis- mixed stage lb./hr. 
ber ter, in. ing, ft. sq.ft. sq.ft. persion rected) persion (corrected) sq. ft. 
W-4 Yy 3 446 23.6 0.00793 0.0238 0.00854 0.0256 20.2 
W-23 % 4 447 242 0.00612 0.0245 0.00650 0.0260 19.3 
W-1 Vy 3 1,600 240 0.01144 0.0343 0.01383 0.0415 24.6 
W-24 % 4 1,600 242 0.00896 0.0358 0.01038 0.0415 19.3 
W-2 Vy 3 3,340 24.0 0.01330 0.0399 0.01670 0.0501 24.6 
W-25 4 3,340 24.2 0.01133 0.0453 0.01372 0.0549 19.3 
W-3 Vy 3 5,070 24.0 0.01625 0.0488 0.02156 0.0647 24.6 
W-26 % 4 5,070 24.2 0.01357 0.0543 0.01701 0.0680 19.3 
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Tracer displacing air 


Height Height 
Calcu- of mixed Cor- of mixed 
lated stage rected stage 
dis- (uncor- dis- (cor- 
persion rected) persion __ rected) 
0.00803 0.0241 0.00869 0.0261 
0.00620 0.0248 0.00659 0.0264 
0.01199 0.0360 0.01466 0.0440 
0.00950 0.0380 0.01113 0.0445 
0.01324 0.0397 0.01659 0.0498 
0.00999 0.0400 0.01179 0.0472 
0.01581 0.04743 0.02080 0.0624 
0.01193 0.0477 0.01462 0.0585 
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TABLE 4. COEFFICIENTS FOR MIxInG CoRRELATION 
Range 
: Nominal of liquid Average gas Total 95% con- 95% con- 
‘ particle flow rates, Reynolds number fidence fidence 
; Run number diameter, in. Ib./hr. sq. ft. number of points NPewo interval M interval 
W-1 through W-7 Vy 0-6,190 19.2-24.0 14 1.528 +0.030 0.0069 +0.0013 
—} W-23 through W-26 Vy 447-5,070 19.3-24.2 8 1.500 +0.064 0.0079 +0.0038 
_—— W-8, W-11, W-14, Uy 446-6,190 42.6-50.8 10 1.334 +0.038 0.0068 +0.0017 
W-17 and W-20 
W-9, W-12, W-15, Y% 0-6,190 101-133 12 1.072 +0.035 0.0067 +0.0014 
W-18, W-21, W-22 
W-10, W-13, W-16, Yq 446-5,050 167-198 8 0.895 +0.053 0.0079 +0.0027 
W-19 
— W-27 through W-30 3 0-6,200 18.6-24.2 8 1.265 +0.032 0.0953 +0.0009 
ic W-31 through W-34 3% 0-6,200 111-133 8 0.979 +0.045 0.0041 +0.0013 
Tee" W35 through W-38 % 0-6,200 18.6-24.2 8 1.254 +0.021 0.0020 +0.0004 
W-38 through W-42 ss 0-6,200 113-126 8 0.928 +0.060 0.0014 +0.0012 
140 
numbers o* and v of the same order of The constants NPe,, and M were seen in the dry packing correlation, 
en magnitude and subject to inaccuracy evaluated separately for nine groups proportional to the particle diameter, 
in their numerical evaluation, it is evi- of runs during each of which the bed one may postulate that as the liquid 
} dent that the departure from uniform properties, that is particle diameter descends on the packing, it envelops 
flow may fluctuate greatly for any one and bed porosity, were the same, and _ several packing elements to form larger 
effects | Tun as indicated by random variations the gas flow rate varied over a narrow aggregates thus increasing the appar- 
ated for | {or the same experiment when different range so that its effect could be as- ent diameter of the particles, or in an 
th is no | tun records are compared. Departure sumed negligible. Table 4 gives a list equivalent manner increasing the height 
nt vari | {0m uniform flow appears to be most of the constants and the groups of runs of a mixed stage. Consistent with this 
affected by an increase in liquid flow for which they were evaluated. A_ interpretation Equation (13a) shows 
mixing rates. Gas flow rates appear also to statistical test shows that the average that HMU increases with liquid flow 
it was | have an effect, but while this is not value of M for all runs having the same __ rate. 
ras flow | detectable for liquid loadings below particle size is no different from the An idea of the validity range of 
onse of | 3000 Ib./hr./sq. ft., it becomes more least squares value for individual Equation (13) is given by Figure 7, 
> corre. | Pronounced above this flow and is groups of runs reported on Table 4. It where the average Peclet number for 
models | greatest when flooding is observed. can also be shown that the constants dry Raschig rings is compared with 
es i The above qualitative information M and NPe,. are power functions of data on irrigated packing. The line for 
gives some indication that the distor- the particle diameter and the gas wet packing calculated from Equation 
. differ. | tion in the-response curve is perhaps Reynolds number, respectively (10). (13) for a liquid flow rate equal to 
d twice | due to the random occlusion of the gas From the foregoing the data can zero is representative of all three pack- 
, | flow channels by the liquid resulting in thus be represented by ing sizes used in the experiments. It is 
. of de- | maldistribution of the gas through the apparent that Equation (13) cannot 
shannel- | bed. Consistent with this hypothesis pe, — 2.4(NRe,)°” be used to extrapolate mixing data for 
presen- the departure from uniform flow would Reynolds numbers much less than 10 
‘esponse increase with liquid flow rates until a . ( on D nn since from the preceding remarks one 
al curve | Point is reached in which the liquid x 10 Cee fie ee . would expect the Peclet number for 
is zero , forms a continuous phase throughout (13) wet packing to remain always below 
ying the the bed (flooding). When this occurs, that for dry packing. The lower line 
» — Yq? | the gas is compelled to lift the liquid Equation (13) can also be written shows %4-in. packing data for a liquid 
from the pores in a pulsating manner jn terms of the height of perfectly flow rate from 5,050 to 5,070 Ib./hr./ 
on from | and will proceed through the column mixed stages: sq. ft. The points on the extreme right 
suai * the form of bubbles rather than a of this line are for run W-19 which was 
this is | Continuous stream. Consequently uni- MU, = 0.83(NRe,)*™ conducted under flooding conditions. 
of two | formity of gas distribution can hardly Equation (13) yields higher values of 
be expected. (0 eT ee ) en the Peclet number than those observed. 
Axial Mixing Correlation. In a man- xX 10\ — D: . A more interesting but highly specu- 
ner analogous to the previous correla- (134) ative interpretation of the Peclet num- 
tion for mixing of the gas through the ber may be given on the assumption 
dry packing, the axial mixing was ex- Interpretation of Mixing Data. If that the ratio of hydraulic mean diam- 
pressed in terms of the Peclet number one uses the series of perfectly mixed eter to height of a mixed stage is a 
: defined as the ratio of twice the nomi- stages model to interpret the results constant. As seen from Table 2 this is 
ae | nal particle diameter to the height of a pertaining to the mixing taking place quite true generally for dry packing. 
stage mixed stage. in the bed, one observes that the height One may assume therefore that 
(cor- The data in question are shown in 
rected) Figure 6, where the Peclet number is y re 
0.0261 plotted vs. the Reynolds number ton 2 = 2 = 
0.0264 liquid at constant gas rate for all three 
0.0440 different sizes investigated. NPe” = NPe". = HMU  HMU, | Cm 
0.0445 The lines drawn through the points are 
He escalated by the eer eer method of a mixed stage is smaller for dry Accordingly by dividing Equation 
0.0624 m accondarice wit packing than it is for wet packing. (13a) by HMU as given by Equation 
0.0585 NPe,, = NPe,. 10°***~ (12) Since the height of a mixed stage is as (8) one finds that 
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Fig. 7. Longitudinal mixing for gas flowing through irrigated 
beds of Raschig rings. 
HMU,, 
= = 0.81(NRe,)°” 
HMU Awe 


D 
(14) 


so that the ratio of total wet packing 
area to dry area is obtained by dividing 
Equation (11) by (14): 


- 
— = 1.11(NRe,)*” - 10 
a 


Equation (15) indicates that the 
wetted area would decrease rapidly 
with liquid flow rate and at a faster 
rate in fact than the porosity of the wet 
packing. In addition the rate of de- 
crease in area is much more _pro- 
nounced for the smaller size packing 
than it is for larger sizes. The wetted 
area could also be affected but to a 
lesser extent, by the gas Reynolds 
number. This may be due to the fact 
that higher gas flow rates tend to make 
the liquid-packing aggregate more 
compact so that it presents less surface 
area to gas flow. The cumulative re- 
sult of these effects is to reduce the 
wetted-surface area in inverse propor- 
tion to the particle size so that the 
area of the packed bed exposed to gas 
flow may, at high liquid flow rates, be 
larger for larger packing sizes than for 
the smaller packing. Figure 8 shows 
the relationship between the total area 
of the bed in contact with flowing gas 
as estimated by Equation (15) to- 
gether with estimates of effective mass 
transfer area (12, 25, 33). The un- 
certainty of data on effective mass 
transfer area is illustrated by the low 
and high values reported for %4-in. 
Raschig rings. The data of Mayo, 
Hunter, and Nash (25) obtained by 
measuring the colored surface area of 
Raschig rings made of paper over 
which water containing a red dye was 
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Fig. 9. Peclet number for liquid and gas phase flowing counter- 


circulated appear in line with the total 
surface area as given by Equation (15). 
In fact one would expect that the mass 
transfer area is only a fraction of the 
total surface area exposed to gas flow 
and that the former increases with in- 
creasing liquid flow rates so that the 
two quantities approach each other 
asympototically. 

It is possible that the area which the 
bed presents to liquid flow is more 


D D \-3.21 
0.013-0.088 —— — ) 
t 


Dt 


(15) 


directly related to the effective mass 
transfer area. If the reasoning followed 
in the derivation of Equation (15) is 
valid, (this could be verified by ob- 
taining mixing data on other packing 
shapes) then the surface area which 
the bed presents to gas flow could be 
evaluated by a study analogous to the 
present one for the liquid phase. 
Comparison with Previous Investiga- 
tors. In connection with the previous 
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Fig. 8. Total bed area exposed to flowing gas 
and effective mass transfer area as function 
of liquid flow rate. 
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currently through a packed bed of Raschig rings. 


discussion it is interesting to compare 
the present data on the gas-phase mix- 
ing with the results reported in graphi- 
cal form by Kramers and Alberda (18) 
on a number of experiments in which 
the mixing of water running over 10- 
mm. Raschig rings in an absorption 
column with a countercurrent air flow 
was measured by frequency response. 

Figure 9 shows the Peclet number 
for the gas as measured in the present 
work for 3-in. rings (closest dimen- 
sion to 10 mm.) with analogous Peclet 
numbers for the liquid as estimated 
roughly from the graphical data re- 
ported by the above authors. It is 
apparent from this figure that while 
mixing in the gas phase increases both 
with liquid and gas rates, in the liquid 
phase instead, mixing decreases with 
increasing liquid rates. The results on 
the liquid phase have to be accepted 
with some reservation because of their 
scarcity and because Kramers and 
Alberda do not give details about the 
experimental technique used. However 
they seem to show that according to 
the discussion of the previous para- 
graph the area which the bed presents 
to the flow of liquid does, indeed, be- 
have in a similar manner to the effec- 
tive mass transfer area. 

Another interesting aspect of this 
comparison is that according to Figure 
9 the Peclet number or the height of 
the mixing stage for both phases is of 
the same order of magnitude in the 
practical range of liquid flow rates. 
This fact may have some importance in 
greatly simplifying the interpretation 
of mass transfer data. 


CONCLUSIONS 


The residence time distribution study 
presented here suggests new possibili- 
ties concerning the mechanism of gas 
flow through Raschig rings irrigated by 
liquid. 

Recent methods of analysis of tran- 
sient experiments (19, 23, 32) have 
been employed to correlate the data. 
The moments of the residence-time 
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distribution have in themselves a phy- 
sical meaning which is not necessarily 
associated with a predetermined physi- 
cal model. 

A correlation of the first moment of 
the time distribution shows that the 
porosity of the wet packing is primarily 
a function of the liquid flow rate, the 
dry packing porosity, and the nominal 
packing diameter. 

The variance of the residence-time 
distribution clearly indicates that the 
axial dispersion of the gas flowing 
through the irrigated packing is mark- 
edly greater than that for the dry 
packing. 

The extent of mixing expressed in 
terms of the Peclet number appears to 
be a function of the following variables 
in order of decreasing importance: 
liquid flow rate, nominal diameter of 
the packing, and gas flow rate. 

The skewness of the residence-time 
distribution indicates that one-dimen- 
sional diffusion models and series of 
perfectly mixed stages are acceptable 
representations of the gas flow through 
dry columns having packed lengths 
large in comparison to the nominal 
diameter of the packing elements. For 
irrigated packing instead such models 
appear inadequate because the flow 
through the column is not uniform, 
especially when the flooding region is 
approached. 

On the assumption that the Peclet 
number for single-phase flow is a con- 
stant over a discrete range of flow 
rates, the area of the packing exposed 
to gas flow can be determined. This 
information may be of use in the inter- 
pretation and correlation of mass trans- 
fer data. 


NOTATION 
A => 


cross-sectional area of empty 
column, sq. ft. 


a = total surface area of bed, sq. 
ft./cu. ft. 

dy = total surface area of irrigated 
bed, sq. ft./cu. ft. 

€ = tracer concentration in efflu- 
ent at time tf, moles/unit vol. 

é, = tracer concentration in enter- 
ing stream, moles/unit vol. 

E(t) = distribution of residence-time 
function, sec. 

E = effective diffusivity in the 
direction parallel to flow in 
packed bed, sq. ft./sec. 

D = nominal diameter of packing 
element, ft. 

Ds, = hydraulic mean diameter 
ft. 

D, = diameter of sphere having 
equal volume as_ packing 
element, ft. 

D, = diameter of packed column, 


ft. 
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HMU = height of a perfectly mixed 
stage L/n, ft. 
HMU,= height of a perfectly mixed 
stage for irrigated bed, ft. 
length of packed bed, ft. 
coefficient for mixing corre- 
lation for irrigated packing, 
dimensionless 
number of perfectly mixed 
cells in series in longitudinal 
direction 
longitudinal Peclet number, 
Dv/E or 2D/HMU, dimen- 
sionless 
modified longitudinal Peclet 
number, D,v/E, dimension- 
less 
= modified longitudinal Peclet 
number, D,,v/E, dimension- 
less 
longitudinal Peclet number 
for irrigated packing, 2D/ 
HMU,,, dimensionless 
modified longitudinal Peclet 
number for irrigated packing, 
2D,,/HMU,,, dimensionless 
= coefficient for mixing corre- 
lation for irrigated packing, 
dimensionless 
= Reynolds number for gas, 
Dvpe/pc, dimensionless 
Reynolds number for liquid, 
Dvpw/pw, dimensionless 
specific surface of the mate- 
rial, sq. ft./cu. ft. 
second central moment of the 
residence time distribution, 
sec.” 
time measured from 
duction of signal, sec. 
average superficial velocity, 
ft./sec. 
volume of empty column, cu. 
ft. 
volumetric flow rate through 
column, cu. ft./sec. 


I 


L 
M 


= 


= 


intro- 


Greek Letters 


I 


porosity of dry bed, volume 
fraction of empty column 


ew = porosity of wet bed, volume 
fraction of empty column 
oe = coefficient for porosity cor- 


relation, dimensionless 


0 = mean residence time «V/q or 
L/v, sec. 

a = viscosity of gas lb./ft., hr. 

Hw = viscosity of the liquid lb./ft., 
hr. 

v = skewness, dimensionless third 
central moment of the dis- 
tribution function 

Pa = density of gas lb./cu. ft. 

pu = density of liquid, lb./cu. ft. 

o = variance of the dimensionless 
time distribution function, 
dimensionless 


LITERATURE CITED 


1. Aris, Rutherford, and N. R. Amundson, 
A.I.Ch.E. Journal, 3, 280 (1957). 


A.1.Ch.E. Journal 


2. Carberry, J. J., and R. H. Bretton, 
ibid., 4, 367 (1958). 

3. Cohen, W. C., and E. F. Johnson, Ind. 
Eng. Chem., 48, 1031 (1956). 

4. Cramer, H., “The Elements of Prob- 
ability Theory,” Wiley, New York 
(1955). 

5. Danckwerts, P. V., A.I.Ch.E. Journal, 
1, 456 (1955). 

, Chem. Eng. Sci., 2, 1 (1953). 

, J. W. Jenkins, and G. Place, 
Chem. Eng. Sci., 3, 26 (1954). 

8. Deisler, P. F., and R. H. Wilhelm, 
Ind. Eng. Chem., 45, 1219 (1953). 

9. Deisler, P. F., K. W. McHenry, and 
R. H. Wilhelm, Anal. Chem., 27, 1366 
(1955). 

10. DeMaria, Francesco, Ph.D. thesis, 
Univ. Mich., Ann Arbor (May, 1958). 

1l. Ebach, E. A., and R. R. White, 
A.I.Ch.E. Journal, 4, 161 (1958). 

12. Fellinger, L., ScD. thesis, Mass. Inst. 
Technol., Cambridge (1941). 

13. Fowler, F. C., and G. G. Brown, Trans. 
Am. Inst. Chem. Engrs., 39, 491 

(1943). 

14. Gilliland, E. R., and E. A. Mason, Ind. 
Eng. Chem., 41, 1191 (1949). 

15. Ibid., 44, 218 (1952). 

17. Jesser, B. W., and J. C. Elgin, Trans. 
Am. Inst. Chem. Engrs., 34, 277 
(1953). 

18. Kramers, H., and G. Alberda, Chem. 
Eng. Sci., 2, 173 (1953). 

19. Klinkenberg, A., and F. Sjenitzer, ibid., 
5, 258 (1956). 

20. Kozeny, J., Ber. Wien. Akad., 136A, 
271 (1925). 

21. Lapidus, Leon, Ind. Eng. Chem., 49, 
1000 (1957). 

22. Leva, Max, “Tower Packings and 
Packed Tower Design,” U. S. Stone- 
ware Company, Akron, Ohio (1953). 

23. Levenspiel, O., and W. K. Smith, 
Chem. Eng. Sci., 6, 227 (1957). 

25. Mayo, F., T. G. Hunter, and A. W. 
Nash, J. Soc. Chem. Ind. (London), 
44, 375T (1935). 

26. McHenry, K. W., Jr., and R. H. 
Wilhelm, A.I.Ch.E. Journal, 3, 83 

(1957). 

27. Sherwood, T. K., and R. L. Pigford, 
“Absorption and Extraction,” McGraw- 
Hill, New York (1952). 

28. Sherwood, T. K., G. H. Shipley, and 
F. A. L. Holloway, Ind. Eng. Chem., 
30, 765 (1938). 

29. Singer, E., D. B. Todd, and V. P. 
Guin, ibid., 49, 1 (1957). 

30. Shulman, H. L., C. F. Ullrich, and 
N. Wells, A.LCh.E. Journal, 1, 247 
(1955). 

31. Spalding, D. B., Chem. Eng. Sci., 3, 
74 (1958). 

32. van der Laan, E. Th., ibid., 7, 187 
(1958). 

33. Whitt, F. R., Brit. Chem. Eng., 1, 43 
(1957). 

34. Yagi, Sakae, and T. Miyauchi, Chem. 
Eng. (Japan), 17, 382 (1953). 

Manuscript received February 2, 1959; revision 
received December 18, 1959; paper accepted 


December 28, 1959. Paper presented at A.I.Ch.E. 
St. Paul meeting. 


Page 481 


7 

| 

{| | 
| 

= 


Mass Transfer in Semifluidized Beds 
For Solid-Liquid System 
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A new fluid-solid contacting technique known as Semifluidization has been studied. Mass 
transfer data were obtained for a benzoic acid—water system, and correlations in terms of mass 
transfer factors and over-all void fractions (for both packed and fluidized sections) are pre- 
sented. Previous mass transfer correlations for fixed and fluidized beds are critically evaluated 
with respect to the limitation and applicability and are discussed in relation to semifluidized-bed 


mass transfer correlations. 


Semifluidization is a type of fluid- 
solid contact operation in which the 
expansion of a fluidized bed is partially 
restricted. Under such conditions the 
porosity of a semifluidized bed is inter- 
mediate between the rigidly packed 
bed and the completely fluidized bed. 

Some of the characteristics of a semi- 
fluidized bed, such as the simultaneous 
formation of a packed section and a 
fluidized section in the bed, were re- 
ported in a previous communication 
(9). The purpose of this paper is to 
report the results of experimental work 
on the mass transfer aspect in a semi- 
fluidized bed of a solid-liquid system. 

Aside from its practical significance 
in mass transfer operations, the study 
of rate of mass transfer is of general 
significance because it often leads to 
better understanding of other aspects 
of chemical engineering operations and 
heat transfer. 

Since the mechanism of interphase 
mass transfer in a fluidized bed is al- 
ready complicated (4, 24), no particu- 
lar attempts were made to analyze the 
data in the light of the rigorous theo- 
ries of interphase mass transfer. Rather, 
emphasis was placed on the empirical 
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Fig. 1. Diagram of experimental apparatus. 
Page 482 


correlation of over-all mass transfer co- 
efficients and the comparison of the 
correlations obtained with those of the 
fluidized and packed beds. 

The relationships among the over-all 
mass transfer coefficients, the mass 
transfer coefficients in each individual 
bed, and the internal structure of the 
bed (that is, the relative size of the 
packed and fluidized sections in the 
bed) were carefully considered. 


EXPERIMENTAL 


The experimental apparatus consisted of 
a main test column in which granular 
benzoic acid particles were dissolved by a 
measured stream of upward flowing water. 
A container was provided for retention of 
samples of each run for analysis. Figure 1 
shows the diagram of the apparatus. 

Water was supplied from a 50-gal. con- 
stant-head tank (A) and was forced 
through the system by a centrifugal pump 
(B). The water was initially directed 
through the globe valve and a flowmeter 
(C) as a means of controlling and measur- 
ing the rate of flow. The test column con- 
sisted of two parts, a calming section (D) 
and a test section (F). The test section 
was a vertical Pyrex tube 2 in. I.D. and 
24 in. high. Two brass plates clamping a 
filter cloth (E) were placed between the 
calming and the test sections to establish 
an even distribution of the upward flow. A 
rigid close-fitting sieve plate (G) was at- 
tached to a long rod which could be moved 
up or down to a fixed position. This was 
installed in the test column to adjust bed 
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Fig. 2. Axial concentration profile. 
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depth and prevent the complete expansion 
of the solid bed. 

For the second series of experiments the 
apparatus was modified. 

In the first series only the inlet and out- 
let concentrations were measured, whereas 
in the second series the axial concentration 
gradient of the fluid was measured. Since 
the samples were obtained from inlet and 
outlet pipes in the first series of experiments, 
they could be considered as the average 
samples across the cross section of the 
column. The sampling lines having 1/4-in. 
I.D. were employed in the second series of 
experiments. They were sufficiently large 
to assume withdrawal of uniform average 
samples across the cross section of the 
column, as evidenced by the fact that the 
concentration of outlet samples obtained 
from the sampling line just above the top 
of the screen was almost identical with 
those obtained from the outlet of the 
column. The apparatus used in the latter 
series was the same as for the former 
series, except the test section. This new 
test section was made from a 2-in. LD. 
standard iron pipe with cocks attached for 
sampling, at 2-in. spacings. A sheet of filter 
cloth was cemented to the inside wall over 
the outlet of each cock to prevent the 
plugging of the solid benzoic acid particles 
from the sampling lines. The sizes of 
particles used (8 ~ 24 mesh) were much 
larger than the opening of the filter cloths, 
and the particles were freed from the dust 
by a washing process suggested by Evans 
and Gerald (8). No escaping of the parti- 
cles from the sampling cocks was observed. 

Although the solubility of the benzoic 
acid in water is low, in order to minimize 
the change of geometric shape of the par- 
ticles during the experimental runs the in- 
dividual runs were not permitted to exceed 
an 80-sec. duration. A decrease of less 
than 3% of the initial weight of the solid 
particles for a single run was experienced. 
Intermittent analysis of effluent liquid con- 
centration during the run indicates that 
steady state operation has been achieved. 
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Fig. 3. Axial concentration gradient. 
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TABLE 1. CALCULATION OF First SERIES OF 
SEMIFLUIDIZED DATA ( REPRESENTATIVE Runs ) 


Run 
no. re W, lb. Iie, ft h, ft. hy, ft. 
A-l 22:3 0.4916 0.5888 0.8091 0.4008 
B-1 21.00 0.2533 0.2999 0.5008 0.3342 
C1 22.60 0.2645 0.3093 0.4675 0.2550 
Run X R e( over-all ) D,, A, 
no. ft. — —_— — ft. sq. ft. 
A-1 0.4083 0.6935 1.3732 0.6548 0.00690 10.40 
B-1 0.1666 0.5555 1.6700 0.7129 0.004531 7.62 
C-l 0.2125 0.6873 1.5114 0.6787 0.002610 12.50 
G, lb./(hr.) Cz kim, lb./(hr.) 
no. (sq. ft.) Ib./hr. Ib./Ib. Ib./Ib. (sq. ft.) (AC) — 
A-1l 16,067 350.52 0.003140 0.001640 24.90 1,120 
B-1 10,610 231.47 0.003005 0.001563 22.30 1,220 
C-1 4,500 98.17 0.003177 0.003051 25.38 1,110 
Run Nsn re ( 1—e) Ja (Nsn e—2)/N 1/3 Se 
no. — — — 
A-l 64.48 48.33 140.0 0.1670 3.87 0.1245 
B-1 39.74 20.25 70.53 0.2400 2.46 0.1745 
C-1 24.63 5.138 15.99 0.6045 1.61 0.4255 
TABLE 2. CALCULATION OF SECOND SERIES OF 
SEMIFLUIDIZED Data ( REPRESENTATIVE Run ) 
Run 
no. W, |b. ho, ft h, ft. hy, ft. 
D-1 0.3307 0.3613 0.5717 0.3484 
Run x A, € 
no. ft. — ft. sq. ft. —_— sq. ft. 
D-1 0.2233 0.6182 0.006890 6.97 0.7004 0.023916 
Run Height of sampling outlet, ft. C, lb./Ib. at &. C:, 
no. a b a b Cc Ib./Ib. lb./Ib. 
D-1 0.2033 0.3700 0.5717 0.000215 0.000359 0.000943 0.00030 0.000943 
( AC ) lm ( AC ) tm 
Run Ci: Packed Fluidized Packed _Fluidized 
no. Ib./Ib. bed bed Over-all bed bed Over-all 
D-1 0.002902 0.002271 0.002752 0.002405 0.002380 0.002752 0.002460 
G, ktm 
Run —_Ib./(hr.) Packed Fluidized Packed Fluidized Over- 
no. (sq. ft.) Ib./hr. bed bed = Over-all bed bed all 
D-1 21,524 51,477 30.83 21.08 28.97 28.68 21.08 28.32 
Run N’ re N’re/ ( 1—e) Nsn Ja 
no. AG AC im NC 
D-1 60.88 203.30 81.00 79.3 0.1588 0.1552 
Run Nsc e—2)/N 1/3 se Ja 
no. ACim AC tm Cem 
D-1 1,290 5.03 4.91 0.1192 0.1167 


All the experiments were carried out at 
room temperature, and the fluid temper- 
ature was measured at the inlet and outlet 
of the column. The determination of the 
concentration of the water sample was 
made by direct titration with 0.04 N. 
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sodium hydroxide with phenolphthalein in- 
dicator. No difficulty was encountered in 
securing reproducible end points. The acid 
concentration varied from 0.0004 g. acid/ 
g. water to 0.0030 g. acid/g. water. 

Granular particles of benzoic acid 
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employed in the present investigation were 
prepared in three screen ranges of 8 to 10 
mesh, 12 to 14 mesh, and 20 to 24 mesh 
by the method of Evans and Gerald (8). 
Several tests indicated that the reproduci- 
bility of the particle characteristics by the 
Evans and Gerald method was excellent 
with deviation of less than +1% error. 
Significant characteristics of the particles 
are summarized in the Evans and Gerald 
paper (8). 

Solution saturated with the benzoic acid 
used in the present investigation was found 
by titration to be in agreement with the 
literature value (22). Also this solubility 
can be represented by an equation reported 
by Ishine (16) as a function of tempera- 
ture: 


C, = 0.17 + 0.00197¢ + 0.000204 
(t: 0° to 30°C.) (1) 


This value was eventually used in this 
investigation. 

The diffusivity and Schmidt number of 
the benzoic acid—water system were taken 
directly from the data of Chang (2), 
quoted by Linton and Sherwood (19). 
Values of the Schmidt number at four 
temperature levels were also reported by 
them (2, 19). 

Since the concentrations of benzoic acid 
solution obtained in this work were very 
low, viscosity and density of water were 
employed to calculate the Reynolds num- 
bers (20). 


RANGE OF EXPERIMENT 


In the first series of experiments 
measurements included the following 
variables: exit concentration, water 
temperature, water flow rate, and bed 
depth. Computed variables derived 
from these measurements included k, 
Ja, N’re Nes, and The ranges 
of major variables were as follows: 


Particle diameter: 8 to 10 mesh, 12 
to 14 mesh, and 20 to 24 mesh. 

Water temperature: 16.8° to 24°C. 

Over-all bed depth: 3 to 6 in. 

Voidage: 0.65 to 0.90. 

Modified Reynolds number (N’:.): 
5 to 130. 

Sherwood number (Ns5,): 21 to 116. 

Schmidt number (Ns.): 1,020 to 
1,540. 


The data and calculated results of 
some representative runs from the first 
series of experiments are tabulated in 
Table 1.* 

Table 2* contains the measured and 
calculated data of representative runs 
for the second series of experiments in 
which the axial concentration profile ‘of 
fluid was studied in addition to those 
variables mentioned above. A typical 
axial concentration profile and concen- 


® Tabular material has been deposited as 
document 6347 with the American Documentation 
Institute, Photoduplication Service, Library of 
Congress, Washington 25, D. C., and may be 
obtained for $2.50 for photoprints or $1.75 for 
35-mm. microfilm. 
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Fig. 4. Jd factor vs. N’xe/(1-e) correlation of the experimental 


data. 


tration gradient curves obtained in the 
second series of experiments are illus- 
trated in Figures 2 and 3. The break 
point at 0.52 ft. of bed height corre- 
sponds to the boundary of fluidized 
bed section and fixed bed section at 
which a distinct discontinuity of con- 
centration gradient exists. 


ANALYSIS AND CORRELATION 
OF RESULTS 


To derive the rate equation for the 
mass transfer between the solid parti- 
cles and fluid in the semifluidized bed 
the following assumptions were made: 


1. The concentration of the fluid in 
contact with the particle surface is 
equal to the saturated concentration. 

2. The velocity distribution and 
concentration of fluid are uniform at 
any cross section of the test section. 

3. The surface area of the particles 
per unit volume in each bed is uni- 
form. 

4. Axial turbulent diffusion coeffi- 
cient, E., in each bed remains constant 
under definite flow conditions. 

5. The process is isothermal. 

The following material balance could 
be obtained for any bed height: 


(2) 


When one assumes that longitudinal or 
axial mixing in the bed can be negligi- 


ble 


(3) 


Fig. 5. (Nsn €-2)/Nsc 1/3 vs. N’re correlation of the experi- 
mental data. 


or 


— — a 


Since there exists a finite discontinu- 


Equation (7) may be transformed into 
ity in the axial concentration gradient 


kim = (10) 


at the interphase of the fluidized and 4 <,—C, 
packed beds, Gin ¢.—. = kim A (9) 
dC dC or 
G) —+G) 
—C C,—C G' (C,—C.) 


1 A(AC) im 
= a, dl 
¢ In order to account for the effect of 
axial mixing, which was neglected, kim 
must include a correction factor F sug- 
gested by Epstein (7, 13). 

In case the axial concentration data 
are available, as in the second series 
wie. of experiments, the value of k in each 
bed can be directly calculated by use 
of the integrated mean driving force 


+ (5) 


or 


Cl C, C, fell C, 
GC, C, C, C, 


= (ky) 1m + (Kye) 1m 

7 (C,—C, 

A; (AC;) em 

But Equation (6) can be further 
simplified: and 
C.—C 

Gn (ky) im Ap + (Kya) (12) 


(Kya) im Apa (7) 


If the weighted mean value of over- 
all mass transfer coefficient is defined 


The over-all mass transfer coefficient 
based on integrated mean driving force 
may be evaluated as 


as (C,—C,) 
A; Apa A (AC) tm 
kim = k im + kya 
(kr) A (Fre) A _ G(C,—C,) + G(C,—G) 
(8) A(AC) tm 


dr’ 


Then Equation (2) can be expressed 
as. 4115) 
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(kr) em A; (AC;) em + Apa( AC ya) tm 
A(AC) em (13) 


A.1.Ch.E. Journal September, 1960 


Eq 


cor 
| mo 
| tra 
tra’ 
th 
me 
ot 
pa 
| fer 
the 
| bee 
) cle 
| Re 
| Ge 
nu 
| TI 
| the 
cl 
fh 
al 
bl 
et 
lir 
th 
b 
= | 
> | F 
fc 
W 
= = 
ft 
( 
5 
? 
= f 
Al dC | 
|_| : 


| 

= 


00 


 experi- 


(10) 


Fect of 
2d, kim 
F sug- 


n data 

series 
n each 
by use 
force 


(11) 


ficient 
force 


| 
| 


Equation (13) implies that 


(AC;) em 
kim = (1 — X) ———_ (ky) tm 
( ) (ky) 
X (Kya) tm 14 
(aC) (Kya) (14) 
First, the mass transfer data were 


correlated in terms of the J, factor and 
modified Reynolds number as is illus- 
trated in Figure 4 (3, 14). The mass 
transfer coefficients were calculated on 
the basis of the over-all logarithmic 
mean driving force, as was done by 
other investigators (3, 8) for the 
packed- and fluidized-bed mass trans- 
fer. The effect of natural convection on 
the rate of mass transfer which would 
become appreciable for the large parti- 
cles (D, > % in.) at the very low 
Reynolds numbers as indicated by 
Gaffney (12) was neglected, and no 
attempt was made to introduce Grashof 
number in the correlation of data. 
The broken line in Figure 4 represents 
the generalized correlation used by 
Chu et al. (4) to correlate the mass 
transfer data for both packed and 
fluidized beds. The solid line correlated 
all the semifluidization data with the 
magnitude of the deviations compara- 
ble to the correlation used by Chu 
et al. (4). The equation for the solid 
line was found to be 
—0, 480 
Re ) (15) 


Ja = 1.865 ( 


Shirai (23) presented the following 
correlation of the mass transfer data in 
the particle beds as suggested by the 
boundary-layer theory (10, 16): 


Nae = 2.0 + 0.75 
(16) 


Figure 5 shows the similar correlation 
for the present data and a comparison 
with Shirai’s equation (23). The re- 
gression line through the data is ex- 
pressed as 


Nase = 2.0 + 0.46 
(17) 


To take the effect of molecular dif- 
fusion and natural convection into ac- 
count the J, factor can be modified as 


(23) 
Ng, — 2 
(N’ re) 


The J’, factors are also correlated as a 
function of N’;./(1—e) in Figure 6, 
which yield the relationship 


151 ( N'ne 
l 
Nox = 2.0 + 
(19) 


J'a 


(18) 


or 
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The data obtained in the second 
series of experiments are also similarly 
correlated, and the results are plotted 
on Figures 4 to 6 again for comparison 
with the results of the first series of 
experiments. 


DISCUSSION AND CONCLUSION 


In order to evaluate the effect of the 
packed-bed formation on the mass 
transfer in the fluidized bed, the mech- 
anism of the packed-bed formation 
should be understood. The size of the 
packed-bed section formed must be 
estimated by an equation including the 
independent variables of the experi- 
ment and the characteristics of ordi- 
nary fluidization under similar flow 
conditions. Such an equation was al- 
ready reported by the authors in the 
previous communication (9). 

It was also reported in the commu- 
nication that the over-all mass transfer 
coefficients based on the over-all loga- 
rithmic driving forces can be correlated 
by use of J, factor suggested by Chu 
and his co-workers (3) within the 
range of maximum probable deviation. 
Referring to Figure 4, one can see that 
Chu’s original J, factor correlation 
yields J, values consistently higher 
than the present experimental data. 
Chu’s correlation pertains only to the 
ordinary fluidized and packed beds. 
The maximum deviation of the present 
data based on his correlation appears 
to be 22% in the range of Reynolds 
numbers used. Evans and Gerald’s (8) 
data for the benzoic acid—water system 
were not included in the original cor- 
relation by Chu et al. (3). They were 
recalculated in terms of J, vs. N’n-/ 


(1 —e). It clearly indicates that Evans 
and Gerald’s (8) data also deviate con- 
sistently from the original correlation of 
Chu et al. (3) with approximately the 
same magnitudes as those of the semi- 
fluidized bed data. Their packed bed 
data are correlated as 


N' re -—0.512 
Ja = 2.132 ) (20) 
and the fluidized bed data are corre- 
lated as 
468 
Ja = 1.3840 i (21) 


The over-all correlation of Evans and 
Gerald’s (8) data may be expressed as 


(22) 
i 


Comparison of Equations (22) with 
(15) reveals that within the range of 
the variables of the present investiga- 
tion and the errors of experimentation 
the semifluidization data may be cor- 
related as well as the data for ordinary 
fluidized and packed beds ‘by use of 
the J, factor vs. N’,-/(1—e) plot 
based on the over-all logarithmic mean 
mass transfer coefficient, ki 

The data for the benzoic acid—water 
system were not included in Shirai’s 
(23) generalized correlation covering 
the data of the fluidized bed, fixed 
bed, and a single particle. Evans and 
Gerald’s (8) data were again recor- 
related by the method suggested by 
Shirai (23) as illustrated in Figure 5, 
which indicates that the experimental 
data were consistently lower than the 
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calculated values by approximately 
38%. This is, however, within the 
range of expected from the 
generalized correlation of Shirai (23) 
for any specific system. Evans and 
Gerald's data are expressed as follows: 


For packed bed: 
Nsne = 2.0 + 0.424 Ng.” 
(23) 
For fluidized bed: 
= 2.0 + 0.230 
(24) 
For over-all correlation: 
Nae = 2.0 + 0.312 Ng.” 
(25) 


The over-all correlation expressed by 
Equation (25) is again very similar to 
that for the semifluidized-bed data ex- 
pressed by Equation (16) and Figure 
5. These similarities of the correlation 
between the ordinary packed beds and 
semifluidized beds by use of the meth- 
ods suggested by Chu et al. (3) and 
Shirai (23) would indicate that it is 
possible, at least for the purpose of 
correlation, to consider the semifluid- 
ized bed to possess uniform solid-dens- 
ity distribution. When correlations are 
not available for any specific system 
for semifluidization, the generalized 
mass transfer correlation of the ordi- 
nary packed and fluidized beds may 
be employed to estimate the mean 
mass transfer coefficients. 

Equation (19), which was derived 
by modification of the J, factor correla- 
tion to the present data, yields a mean 
deviation of 11.7%; Equations (15) 
and (17) give a deviation of 9.87% 
and 11.73% respectively. This implies 
that the use of the modified correlation 
as expressed by Equation (19) does 
not improve ihe correlation; however, 
the form of this equation would agree 
with the expression predicted by the 
boundary-layer theory (16). 

Evans and Gerald’s (8) data were 
recorrelated in the form of Equation 
(19). The packed-bed data are corre- 
lated as 

Ns, = 2.0 + 1.488[ (1 — 

(Nee ) 1/3 (26) 


and the fluidized-bed data are corre- 
lated as 


Nex = 2.0 + 1.081[ (1 — 
(27) 


An over-all correlation equation may 
be expressed ‘as 


(Ns.)”” (28) 


(N,.)# 
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Fig. 7. Comparison of experimental value of mass transfer 
factor with those of hypothetical models. 


In spite of the similarity and analogy 
as described above in correlations of 
the mass transfer data in the fluidized, 
semifluidized, and packed beds, a 
semifluidized bed may be considered 
neither a uniformly compressed fluid- 
ized bed nor a uniformly expanded 
packed bed as illustrated in Figure 7. 
The lines in Figure 7 correspond to the 
ratios of Equation (15) with Equa- 
tions (20) and (21) respectively. The 
over-all mass transfer coefficients in 
the semifluidized bed appear greater 
than those of the hypothetical uni- 
formly compressed fluidized bed with 
the same over-all bed porosity and 
smaller than those of the hypothetical 
uniformly expanded packed bed. As 
can be seen from the formation of the 
distinct sections of the fluidized and 
packed beds, which are aligned in 
series, the over-all mass transfer coeffi- 
cients in the semifluidized beds would 
be expected to be a weighted average 
between k, and k,, obtained under the 
same flow conditions. This fact is ex- 
pressed as Equations (8) and (14). 
Mass transfer coefficients calculated 
from these equations gave the mean 
deviations from the experimental val- 
ues of —0.78 and —4.3% respectively. 
Since (9) 


S(1 — (hy. — h) 
(e,— 
Equation (8) can be written as 


ps S(1 — (hy. — h) 


X = 


(29) 


Epa) 


WwW 
(kya) 1m (30) 


An equation similar to Equation (30) 
to estimate k.,, can be derived by a 
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combination of Equations (14) and 
(30). Equation (30) enables one to 
estimate the over-all mass transfer co- 
efficients from the knowledge of ordi- 
nary packed and fluidized beds oper- 
ated under the same conditions. By 
varying X, which in turn depends on 
the over-all porosity of the bed and 
can be arbitrarily fixed for the semi- 
fluidized bed, one should be able to 
obtain any value of k between k, and 
ky. Since 1 — « = (1 — e,)/R, Equa- 
tion (15) or (19) indicates that ap- 
proximately such a change of over-all 
k can be controlled as inversely pro- 
portional to \/ R. This could be illus- 
trated by use of the data from the ex- 
perimental runs at G = 28,000 lb./ 
(hr.) (sq.ft.) with the mean deviation 
of 7%. It may be desirable to point 
out again that under definite flow con- 
ditions the values of k, for fluidized 
and k,, for packed beds, unlike the 
corresponding k in the semifluidized 
bed, are fixed for any particular system. 

In the first series of experiments the 
axial concentration profile was not de- 
termined, and the logarithmic driving 


force was made use of in the correla- | 


tion of the data. It has already been 
pointed out that the k,,, must contain 
in itself the F factor of Epstein (7). 
The importance of the axial mixing in 
the solid-liquid contact process has 
been emphasized by various investi- 
gators recently (7, 26). However it 
appears that so for there is no way to 
predict exactly the axial mixing coeff- 
cient of a particular system under cer- 
tain operating conditions with sufficient 
accuracy for mass transfer calculations. 
But there is good indication that axial 
mixing in the liquid-solid systems is 
much less extensive than in the gas- 
solid systems (21, 26). In Figures 4, 5 
and 6 the mass transfer coefficients cal- 
culated by use of the integrated mean 
driving force are compared with the 
correlation obtained in the first series 
of experiments. They indicate that the 
deviation of the second series experi- 
mental data from the correlation are 
within the range of the first series of 
experiments. This implies that the 
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F factor included in the correlation of 
the data in the first series of the experi- 
ments were close to unity; in other 
words the effect of axial concentration 
gradient change and fluid mixing were 
small. Since an over-all mass transfer 
based on integrated mean concentra- 
tion difference is employed, the radial 
mixing effect is not considered here. 
The maximum deviation of the values 
of F from unity for the second series 
of experiments was 7.65% 

As indicated in the introduction, 
probably no theories of interphase mass 
transfer based on the simple models 
can be adopted in the correlation of 
mass transfer data in the packed or 
fluidized bed. Danckwerts (4) in his 
review paper suggested the necessity 
of the theory different from either the 
boundary-layer theory or the surface- 
renewal theory to explain the behavior 
of gas absorption by liquid in the 
packed bed. The results of mass trans- 
fer investigation by Johnson and 
Huang (17) using a series of organic 
acids including benzoic acid suggested 
the applicability of the surface-renewal 
theory to the interphase mass transfer 
between solid and liquid. They too 
however indicated the difficulty of ap- 
plying the surface-renewal theory di- 
rectly to the mass transfer in packed 
beds because of the variation of the 
local conditions in the packed tower. 
A recent study by Bennett and Lewis 
(1) indicated that the direct applica- 
bility of the surface-renewal theory to 
the interphase mass transfer between 
the benzoic acid and water is doubtful 
even in the rotating-cylinder apparatus 
with very simple geometry. Thus fur- 
ther complication in application of 
theories to the mass transfer in semi- 
fluidized bed can be easily expected 
because of its complex structure. As 
Equation (19) indicates, 1/3 power of 
Schmidt numbers has been used in the 
present study (with a mean deviation 
of 11.7%), which is, as described pre- 
viously, based on the boundary-layer 
theory (11, 16). Recent theory pro- 
posed by Toor and Marchello (24) 
would predict that the power for Ns. 
should vary depending on the system 
and local flow conditions. It should be 
pointed out that in view of the rela- 
tively small range of Schmidt numbers 
covered in the experiments, extensive 
extrapolation of the empirical correla- 
tions presented in this paper must be 
approached with caution. 

The possibility of the practical ap- 
plication of semifluidization has been 
described in the previous communica- 
tion (9). 
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NOTATION 


total particle surface area, 


sq. ft. 


= concentration of benzoic 
acid in water stream, Ib./Ib. 
Gz = concentration of benzoic acid 


in saturated solution, Ib./Ib. 
dl = differential bed height, ft. 


D; = equivalent spherical particle 
diameter, ft. 

D, = diffusivity of benzoic acid in 
water, (sq. ft.) /hr. 

E. = longitudinal mixing  coeffi- 
cient, (sq. ft.) /hr. 

F = correction factor, dimension- 
less 

f = function of 

G = superficial mass velocity, lb./ 


(hr.) (sq. ft.) 
Ms = mass velocity, lb./hr. 


h = height of the top sieve plate 
or over-all depth of bed, ft. 

h, = depth of height of initial 
bed, ft. 

h, = height of fluidized bed sec- 
tion, ft. 

Ava = height of packed bed sec- 
tion, ft. 

} = mass transfer factor, dimen- 
sionless, [(k/G) Ns.""] 

= modified mass fac- 
tor, dimensionless 

k = mass transfer coefficient, Ib./ 
hr. (sq. ft.) (unit C) 

Kk = mass transfer coefficient, ft./ 
hr. 

l = distance in axial direction of 
bed, ft. 

= modified Reynolds number, 
dimensionless, (D,G/,) 

Nse = Schmdit number, dimension- 
less 

Nw = Sherwood number, dimen- 
sionless 

R = bed expansion rate, dimen- 
sionless 

S = cross-section area of the col- 
umn, sq. ft. 

f i = temperature, °C. 

V = over-all volume of the bed, 
cu. ft. 

WwW = weight of the particle bed, 
lb. 

X = weight fraction of particles 
in the packed bed section, 
dimensionless 


Greek Letters 
void fraction or porosity in 
the bed, dimensionless 


€ = 


p = fluid density, lb./cu. ft. 

Pr = bulk density of the solid, 
Ib./cu. ft. 

ps = solid density, lb./cu. ft. 

= viscosity, Ib./(hr.) (ft.) 
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Subscript 

if = completely fluidized bed or 
ordinary fluidized bed 

f = fluidized bed 

Pp = particle 

pa = packed bed 

0 = at bed inlet 

1 = at interface between packed 
and fluidized beds 

2 = at bed outlet 

m = mean value 

Im = logarithmic mean value 

tm = integrated mean value 
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On the Steady State Activity Levels in a 


Reactor-Regenerator System 


A method is proposed for computing the steady state activity levels at various points within 
a reactor-regenerator system in which the residence time distribution functions in the reactor and 
regenerator, the permanent deactivation function, and the temporary deactivation and activation 
functions are arbitrarily specified. A particularly simple solution to these equations is obtained 
when the temporary activation and deactivation functions are of exponential form. The latter 
equations are used to calculate values of the mean activity in the reactor for the limiting cases 
of piston type of flow and complete mixing under a variety of conditions. 


The activity of catalyst particles 
circulated in a system consisting of a 
fluidized reactor and a fluidized regen- 
erator changes owing to carbon deposi- 


tion on and removal from the active. 


surface and to sintering or sealing off 
of active surface making parts of the 
catalyst surface unavailable to the re- 
actant charge. The activity of a cata- 
lyst particle is a function of its initial 
properties, its history within each of 
the units, the extent of reaction taking 
place within it, the reaction tempera- 
tures, and the time of exposure to 
cracking conditions. After a period of 
residence within a reactor under crack- 
ing conditions the activity of a catalyst 
particle decays, and upon subsequent 
exposure to the environment of the re- 
generator the activity of the catalyst 
particle increases depending upon the 
residence time and conditions within 
the regenerator. However the original 
activity of the fresh catalyst cannot, 
presumably, be attained even if its 
residence time in the regenerator is 
infinite. It is therefore convenient to 
postulate two types of deactivation: a 
regenerable or temporary type which 
can be reactivated in a regenerator 
environment, and a nonregenerable or 
permanent type which cannot be re- 
activated in a regenerator environment. 

The effect of each type of deactiva- 
tion can be illustrated by the following 
description of an operating system. 
Consider a reactor-regenerator combi- 
nation charged with fresh catalyst and 
operated without supplying make-up 
catalyst as shown in Figure la. When 
one assumes that only temporary de- 
activation occurs, the mean activity 
levels within the reactor and regenera- 
tor will decrease and approach some 
finite steady state value as the time of 
operation increases. The steady state 
value will be a function of the opera- 
tion conditions and the residence-time 
distribution within the reactor and re- 
generator and ‘the nominal residence 
time within each unit. The greater the 
catalyst recirculation rate the higher 
the mean activity within each unit. 
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Consider the operation of the reactor 
and regenerator again as before, except 
that now both temporary and perma- 
nent deactivation can occur. As opera- 
tion time increases, the mean activity 
levels within the reactor and regenera- 
tor will not approach a steady state 
value but will continue to decrease and 
approach either a value of zero activity 
or some very small activity level prob- 
ably independent of the mean _ resi- 
dence time and residence-time distri- 
bution within each of the units. How- 
ever if fresh catalyst is continuously 
introduced in the reactor, as shown in 
Figure 1b, and an equal quantity con- 
tinuously withdrawn from the catalyst 
stream going to the regenerator, the 
inventory in the units remains constant 
and the activity levels within the re- 
actor and regenerator again approach 
finite steady state values. The magni- 
tudes of the steady state values depend 
on the fresh catalyst feed rate in addi- 
tion to the variables mentioned for the 
case of temporary deactivation only. 

The purpose of this paper is to pre- 
dict the steady state mean level of 
activity in the reactor and regenerator 
where the residence-time distribution, 
the permanent deactivation functions, 
and the temporary deactivation and 
activation functions are arbitrary func- 
tions of residence time. This problem 
is a generalization of some work by 
Pigford (7) who solved for time-de- 
pendent activity within a completely 
mixed reactor resulting from perma- 
nent deactivation and hence did not 
consider the reactor and regenerator 
separately. Pigford assumed that the 
fresh catalyst feed rate was a known 
but arbitrarily specified function of 
time. 


RESIDENCE TIME DISTRIBUTION 
FUNCTION 


Assume that the reactor shown in 
Figure 2 contains a large number of 
catalyst particles and has equal cata- 
lyst feed and removal rates to maintain 
constant inventory within the unit. If 
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Q tagged catalyst particles are injected 
into the feed stream at time t = 0, and 
the number of tagged particles q(t) 
having left the reactor at time ¢ is 
counted, a plot of the form shown in 
Figure 2 can be obtained. On the as- 
sumption that this function is continu- 
ous, the number of tagged particles 
leaving in the interval from t to t + dt 
is represented by the time derivative 
of the curve in Figure 2. The residence 


time distribution function T’(t) is 
defined as 
1 dgq(t) 
Q dt 
and has the property that 
dt=1 (2) 
Also let 
T(t) = f'T’ (y) dy (3) 


All catalyst particles entering at the 
same time have the same a priori prob- 
ability of leaving the bed. The func- 
tion T’(t) however defines the relative 
probabilities of particles leaving hav- 
ing entered at different times. 

The distribution function T’(t) de- 
pends upon the type of mixing which 
occurs in the system. Distribution func- 
tions of engineering interest generally 
lie between the limits of no mixing, 
which corresponds to piston flow, and 
complete mixing; these limiting forms 
are shown in Figure 3. The reader is 
referred to the works of Danckwerts 
et al. (4, 5) and Singer et al. (8) for 
a detailed discussion of the residence 
time distribution function. The number 
of particles N remaining in the bed 
after an infinite time is 


N =n fe fi dyldt (4) 


Therefore 


[1—T(t)]dt=1 (5) 


A particular set of residence time 
distribution functions of engineering 
interest is that obtained from m stages 
of equal volume in series. Complete 
mixing is assumed in each stage. The 
residence time distribution function for 
particles leaving the last stage in terms 
of the time they entered the first stage 
is 
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where T’(7) is the derivative with re- 
spect to 7: 


mnt 


N 


When m = 1, the distribution function 
corresponds to a_ single completely 
mixed stage, and as m~> o, it ap- 
proaches piston flow. The curves for 
several intermediate values of m are 
included on Figure 3. 


(7) 


REACTOR DEACTIVATION AND 
REGENERATOR ACTIVATION 
FUNCTIONS 


The discussion is first directed to the 
case in which only temporary deactiva- 
tion is considered and no fresh catalyst 
is charged (Figure la). The activity of 
a catalyst particle leaving the reactor 
depends upon its activity when enter- 
ing and its residence time therein. The 
functions R(@,) and G(«) relate the 
activity of a catalyst particle and _ its 
residence time in the reactor and re- 
generator, respectively. These func- 
tions are characteristic of the particular 
operating conditions within the units, 
and their qualitative forms are shown 
in Figure 4. Consider the history of a 
single particle entering the reactor 
with an activity R(@). After residing a 
time t-, in the reactor the particle 
leaves with an activity + 
and enters the regenerator with an ac- 
tivity G(a,) = R(0, + tr), and after 
residing for a time to, it leaves the re- 
generator with an activity G(a: + to). 
The particle then re-enters the reactor 
with an activity = + to) 
where in the general case R(@,) # 
R(6,’). 

This is undoubtedly a_ simplified 
picture of the real behavior of catalyst 
particles within the system because 
implicit in this description are the as- 
sumptions that all particles residing a 
definite time in the reactor or regenera- 
tor are exposed to identical environ- 
mental conditions and that the activity 
is a unique function of the carbon 
deposition. On a statistical basis the 
former assumption would appear to be 
reasonable, whereas the latter assump- 
tion may be untrue owing to heat 
treating of the deposit after many 
cycles. However the apparent tempera- 
tures are too low for appreciable 
graphization to occur. 


STEADY STATE ACTIVITY LEVELS 
WITH TEMPORARY DEACTIVATION 


F(@) and H(«) 


have properties 
such that 


f° F(0) da=1 (8) 
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f? H(a) da =1 (9) 
The mean activity of a stream of 
catalyst particles having an age dis- 
tribution given by F(@) is therefore 
A, = R(@) de (10) 
If the age distribution of the feed does 
not change with time, the mean activ- 
ity of the catalyst particles entering 
and leaving the reactor is given by 
Equations (10) and (11), respectively: 


A, = f* {°F (0)R(0+t,) Tx’ (t,) dt, do 
(11) 


Equation (11) can be stated in words 
as follows. All particles entering the 
reactor of age @ will leave the reactor 
with a distribution of ages according 
to the distribution T,’ (t,), and a 
particle of age @ residing for a time t, 
in the reactor will leave with an activ- 
ity R(@ + t,). 

The particles leaving the reactor 
enter the regenreator (Figure 1a); 
therefore the average activity of the 
stream entering the regenerator is A, 
which is also represented by 


A. = f° H(a) G(a) da (12) 
and the stream leaving the regenerator 
has a mean activity A, given by 
A. = f? H(a)G(a+t,) To’ (t,) dt, da 

(13) 
The mean activity within the reactor 
and regenerator can be represented in 


terms of the above functions: 


n 
Ar F(@) R(6 #3) 
INR 


[1—T,(t,) ]dt, dé (14) 
n 
Ac = H(a)G(a+t,) 
[1—T.(t,) ]dt, da (15) 


In the general case the solution to 
Equations (14) and (15) can be ob- 
tained after Equations (10) through 
(13) have been solved simultaneously 
to determine the functions F(@) and 
H(a). 

Define two functions and 
in such a way that P(e) de and Q(y) 
dy are the fractions of particles leaving 
the reactor and regenerator respectively 
having ages between « and « + de and 
n + dy. It follows therefore that 


F(6)T,’ (e—0)dé (16) 


and 


Q(n) = f? H(a)T«’(y—a)da (17) 
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Furthermore 
F(0)d@=—Q(n)dyn (18) 
P(e)de = — H(a)da (19) 


Since the activity R(e) of a particular 
group of particles leaving the reactor 
is equal to G(a), « can be functionally 
related to « by the use of the original 
activity curves shown in Figure 4. Let 
these functions be a(e) and e(«) which 
are, respectively, the values of age a 
necessary to give the same catalyst 
activity as particles having an age « 
and vice versa. Clearly @ and 7 are 
related by the functions and 
and are, respectively, identical to «(e) 
and e(«). From Equations (17), (18), 
and (19) one obtains 


F(0) = P(e) 


Ta’ [n(8) — a(e) Jde (20) 


where 7'(@) is the derivative of (@) 
with respect to 6, and the limits have 
been changed to correspond to the new 
variable «. Substituting for P(e) from 
Equation (16) one gets 


F (6) = 9'(8) — a(e)] 
(21) 


Reversing the order of integration 
by standard procedures one obtains 
directly 


— (e) (e—d)de dd 
(22) 


In more standard form Equation (22) 
becomes 


F (8) = Ki(0, 6) F(4)d¢ 
— f° (22a) 
where 
K,(0, 6) = 
— (e—)de 
K.(6,) = 
a(e) (<—$)de 


These Kernel functions can be evalu- 
ated provided the residence time dis- 
tribution functions and the activation 
and deactivation functions are known. 

Equation (22a) is a linear, homo- 
geneous, integral equation and can be 
solved in general by numerical proced- 
ures. The reader is referred to the 
iterative method as a means of obtain- 
ing a solution.* 


8 See for example page 468 of reference 6. 
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Reactor-regenerator flow systems: a, case of temporary activation; b, 


case of temporary and permanent deactivation. 


PERMANENT DEACTIVATION 


When catalytic particles exhibit the 
property of permanent deactivation as 
a function of the residence time within 
the reactor-regenerator unit, a steady 
state activity level is maintained only 
when fresh catalyst is fed to the units. 
The level of activity of course depends 
upon the rate at which fresh catalyst is 
introduced. The flow diagram of the 
units is shown in Figure 1b. The recir- 
culation is (1 — 8)n particles per unit 
time, and the number of particles en- 
tering and leaving the reactor is n. The 
rate of addition of fresh catalyst parti- 
cles to the system is Bn. An equal 
number of particles is withdrawn from 
the stream leaving the reactor in order 
to keep the inventory constant. 

The permanent deactivation func- 
tion is given by K(t) ranging in mag- 
nitude between 1 and 0 as t varies be- 
tween 0 and o and where t is the total 
residence time of catalyst particles 
within the reactor and _ regenerator 
units. The function K(t) is assumed to 
be independent of the temporary de- 
activation functions, and 1 — K(t) 
represents a loss in activity which can- 
not be regenerated by exposure to the 
regenerator environment. The form of 
this function has been studied by Small 
et al. (9), although it is not clear at 
what temperature experiments should 
be made in order to correspond to the 
reacting system. 

It is necessary therefore to solve for 
the residence-time distribution of par- 
ticles in the system in terms of arbi- 
trarily specified residence time distri- 
bution functions T;’(t,) and T,’(t,), 
and the parameters B, n, Nr, and Ng. 

A schematic diagram of the system 
is shown on Figure 5, wherein Bn un- 
tagged particles are fed and removed 
continuously and (1—£)n_ particles 
are recirculated. If at time t = 0 Bn 
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tagged particles are continuously fed 
to the system at point A, the fraction 
of the tagged particles in various parts 
of the system will depend upon t. Let 
the fractions of tagged particles at 
points C and D be given by the func- 
tions F(t) and h(t), respectively. 
These two functions can inter-re- 
lated by the equations below in terms 
of the residence-time distributions in 
the reactor and the regenerator. 


Bn f' Tx’ (y) dy + (1—B)n 
y) Tr’ (y)dy (t) 


(23) 
(1 B)n f' H(t — (y)dy 


= (1—8)n F(t) (24) 


The formal solution to this set of 
equations can be obtained in terms of 
the Laplace transforms (2) of the 
functions which are represented by 
small script letters: 


(t)} = h(s) 
L{F (t)} = f(s) (25) 


From Equations (3), (23), (24), and 
(25) 


h(s) = Bir(s) + (1—B) 2(s)ée’(s) 


(26) 
f(s) — h(s) te’ (s) ( 7) 
Therefore: 
Bir(s) 
nhs) 
(28) 
(s) 
i(s) = 1 — (1— B) te’ (s) de’ (s) 
(29) 
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The evaluation of the functions h(t) 
and F(t) has been reduced to the 
problem of finding the inverses of their 
Laplace transforms in Equations (28) 
and (29) for arbitrary forms of the 
residence time distribution functions 
and the fraction of the recirculation 
stream. 

The function F(t) is the fraction of 
tagged particles in stream C at the 
time ¢ units ‘after the introduction of 
tagged particles. Since no tagged parti- 
cles entered the system prior to zero 
time, all tagged particles have resided 
in the system a time equal to or less 
than ¢. 


Let 
aqF(t) _ 
F’(t) (30) 
and 
dt 


Consider now a reactor-regenerator 
system in which fresh catalyst is fed 
and used catalyst removed at a rate Bn 
for a very long period of time as shown 
in Figure 1b. The residence-time dis- 
tribution of the particles in streams C 
and D approach those given by F’(t) 
and h’(t), respectively, and the mean 
permanent deactivations of the streams 
are, respectively 


K, = f* K(t) dt (32) 


and 


Ky = f* K(t) h'(t) dt (33) 


Moreover the permanent deactivations 
of the catalyst leaving the reactor and 
regenerator which entered from streams 
C and D, respectively, are 


‘K, = f* F’(t) K(t + t) 


Tx’ (t,) dt, dt (34) 
K, = H(t) K(t + t,) 
(t,) dt, dt (35) 


The mean permanent deactivation of 
the stream leaving the reactor which 
entered as fresh feed is 


K,, = K(t-)Ts’ (t+) dt, (36) 


Finally the mean permanent deactiva- 
tions of the particles in the reactor 
originating from fresh feed without re- 
circulation and from stream C are, re- 
spectively 


n 


(37) 
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[1 — Tx(t,)] dt, dt (38) 


and the mean permanent deactivation 
in the regenerator is 


[1 — T.(t,) ] dt, dt (39) 
STEADY STATE ACTIVITY LEVELS 
WITH TEMPORARY AND PERMANENT 
DEACTIVATION 


Throughout this treatment perma- 
nent and temporary deactivation phe- 
nomena have been assumed to be 
independent. Permarient deactivation 
depends only upon residence time 
within the reactor-regenerator _ set, 
whereas temporary deactivation de- 
pends upon a detailed history of the 
residence of catalyst pellets in the re- 
actor and regenerator. It is possible 
therefore to combine the treatments 
from the previous sections to predict 
the activity levels in various parts of 
the units for the case where fresh cata- 
lyst is fed to the units and used catalyst 
is removed at a rate to maintain con- 
stant catalyst inventory. The activity 
of catalyst for carrying out chemical 
reaction is given by the product of the 
two activities. 

If the age-distribution functions of 
the catalyst are time independent in all 
parts of the unit, the equation for mean 
activities can be immediately written. 
With reference to Figure 1b the mean 
activity of catalyst entering the reactor 
A; is 


A, = B + (1—8)Ke f* F(@)R(0) do 

(40) 
Similarly the activity of catalyst leav- 
ing the reactor A, is 


A, = f* R(t,)T’(t,) dt, 
+ (1—£)K, f* F(6) f* R(@ 
+ t,)T’ (t,) dt, d@ (41) 


In accordance with Figure 1b a frac- 
tion (1— 8) of the particles leaving 
the reactor enter the regenerator; 
therefore the mean activity of the 
stream entering the regenerator is also 


A., which can be represented also by 
‘A, = Ky f* H(a)G(a)da (42) 
and the activity of the stream leaving 
the regenerator A; — 8 is given by 
A. — B= (1—B)K: f* f* H(a)G(a 
+ t,) (t,) dt, da (43) 
The mean activities of particles within 


the reactor and regenerator are Az and 


A«, respectively, where 


Az = BKe, [1—Te(t,) 
n 
+ N (1 — B)Ke f* F(6) f* 
+t,)[1—T(t,)]dt,de@ (44) 
and 
As = Ky f° H(«) f* Gla 
+ t,)[1—Teo(t,) ]dt,da (45) 


If K(t) = 1 from 0 = t= o and B 
is allowed to go to zero, Equations 
(33) through (38) reduce to the tem- 
porary deactivation case described by 
Equations (10) through (15). 

In the general case the mean activ- 
ity in the reactor can be obtained by 
the use of Equations (22a) and (44). 
It is proposed however to approximate 
the R(@) and G(«) by an exponential 
function in order to calculate mean ac- 
tivity levels under varying conditions. 


FEED mn PARTICLES 
PER UNIT TIME 


N PARTICLES 
IN REACTOR 


WITHDRAW n 
PARTICLES PER UNIT TIME 


NUMBER OF PARTICLES HAVING LEFT REACTOR, q{t) 


TIME ,t 
Fig. 2. Residence time distribution in reactor. 
ACTIVATION AND DEACTIVATION 
CURVES OF EXPONENTIAL FORM 
Let 


and 
G(a) = 1—e*" (47) 
Substituting Equation (46) into (40) 
and (41) one gets 
= B +(1—B)Ke F (8) d0 
(48) 


and 
A, = BK-, f* T’(t,) dt, 
+ (1—£)K, f* F(@)do 
(t,) dé, (49) 


Substituting Equation (48) into (49) 
one obtains 


A, =! + May 
Ks 3 
(50) 
where 
te’ (kp) = Ty’ (t,) dt, 
(51) 


Substituting Equation (40) into (35) 
and (36) one gets 


1.0 T T T 
PISTON FLOW cae 1.0 
0.8 | > R(@) (4) 
COMPLETE MIXING = 
m=6 
ay, O2 | G(«,) | tr) 
( 
0 02 040608 10 12 14 16 18 20 8) vs 
nt 
8 or a 


Fig. 3. Residence time distribution in reactor for piston flow, 


complete mixing, and intermediate cases. 


Vol. 6, No. 3 


A.1.Ch.E. Journal 


Fig. 4. Temporary reactor deactivation and regenerator activation curves. 
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Fig. 5. Reactor regenerator flow system for case 
of temporary and permanent deactivation. 


A, = — f* H(a)da] (52) 
Ay — B = (1—B)Ke f? f° 
[1 — (a) Te (t,)dt,da (53) 


When one performs the integration of 
Equation (53) and substitutes Equa- 
tion (52) 


A.— B= (1—8) (= 


D 


[Kp + (A, = Ky) to’ (ky) ] 


where 


ta’ (ky) (ts) dt, 
Substituting Equation (50) into (54) 


(54) 


and solving for A; one obtains 


The solution to the case of tempo- 
rary deactivation alone can be obtained 
from Equations (55) and (57) if one 
lets K(t) = 1 and B go to zero. The 
resulting equations are 


1 — te’ (k,) 

a 
An = fo — Tate) Mt 


(59) 


Activation and deactivation functions 
for a particular set of operating condi- 
tions are difficult to measure accurately. 
Blanding (1) has measured activity 
vs. time curves and found that the 
activity is roughly proportional to the 
0.5 power of time. Values of the mean 
reactor activity may be approximated 
by fitting an exponential function to 
the important range of time. However, 
if warranted, a solution to this problem 
can be obtained numerically by solving 
Equation (22). It should be mentioned 
that the problem can also be solved by 
a Monte-Carlo method (see reference 
1) in which the residence time that a 
particle spends in each unit as it cycles 
is determined by dice weighted accord- 
ing to the residence-time distributions 
therein. 

In the following section the equa- 
tions previously developed will be ap- 
plied to more specific cases to illustrate 
their use. 


ILLUSTRATIVE CALCULATIONS 


When one considers only temporary 
deactivation, the steady state activity 
level within the reactor can be com- 
puted from Equations (58) and (59). 
These equations are easily solved for 
the limiting cases of complete mixing 


(1 — B)[KcKp + Ke(BKe;te’ (ke) — Kp) to’ (ky) 


A. =B+ 


(55) 


‘Kp — (1— 8) Kris’ (ke) (Ky) 


Finally from Equation (44) the mean 
activitv in the reactor is computed: 


n 


A: = (BKe, e*r'*[1—T, (t,) 
+ (1—B) Kx F(0)d0 
]dt,} (56) 

When one substitutes for (A:—B)/ 


(K.) from Equation (48) into (56) 


N 


R € 


(57) 


Expressions for A, and A, can be 
developed similarly. 
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and piston flow in both the reactor and 
regenerator. For the first case let Nz = 
Nz and k, = k,. 

The residence time distribution func- 
tion for complete mixing is 


n 
Tew (t,) = — Nr 60 
(t,) (60) 
From Equation (58) 
l+e 
= 2 (61) 
where 
n n 
e=—k=k, =k,; and \= — = — 
Ne 
1 
= 
Aru (62) 


For the case of piston flow through 
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the reactor and regenerator all parti- 
cles spend the same time, N/n, in each 
unit. 


l—e* 

Aye = (63) 
(1 


Figure 6 shows the activity in the re- | 


actor as a function of e«. Note that the 
highest activity of 0.50 is a result of 
letting k, = k,. 


For the case of k, = 5k, and Nz = 
N., the corresponding expressions for 
the activity in the reactor for complete 
mixing and piston flow are, respec- 
tively: 


A, : 65 
RM (Be + 6) (65) 
and 
_ 
Ag = (66) 


where now « = (k,)/(A). 
The highest activity is now 5/6 which 
results from making k, = 5k,. Note 
that the highest activity levels ap- 
proached in Figures 6 and 7 are dis- 
continuous at zero; obviously when k, 
is equal to zero, the activity must be 
1.0. Values of the mean activity in 
the reactor are plotted in Figure 7 as 
a function of e. Figures 6 and 7 show 
the advantages of piston flow over 
complete mixing. 

If both permanent and temporary 
deactivation are considered, then F’() 
and H’(t) must be calculated in order 
to evaluate the mean activities K’s in 
Equations (55) and (57). For the 
case of complete mixing for equal size 
reactor and regenerator 

T,’ (t) = Te’ (t) = 
and (67) 
T x(t) =— l—e™ | 


Therefore from Equations (28) and 
(29) the Laplace transformations of 
the functions ’(t) and ’(t) are 


Br(s +d) 
BX’ 

(s + — B) 


(68) 


Inverting the transformations by the 
method of partial fractions one gets 


H’(t) = Bre™ cosh A(\/1— B)t 


(69) 
= he! sinh 
V1-8 
A(/1— (70) 
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Fig. 6. Mean activity within reactor for the case of temporary 
deactivation. = 
0.2 
Equations (69) and (70) may now 
be substituted into Equations (26) 
through (39) along with the appropri- fe) 
ate function K(t) to evaluate mean 0) 


activities of various streams in the re- 
actor-regenerator system. 


CONCLUSIONS 


This paper has dealt with a very 
complex subject, many details of which 
are not yet known. A method has been 
developed for calculating the mean 
activity levels of catalyst particles at 
various points within a reactor-regen- 
erator system from arbitrarily assumed 
residence-time and deactivation and 
activation functions. The analysis de- 
veloped in this paper is quite general, 
and although it is subject to certain 
idealizations regarding the temporary 
activation and deactivation functions, 
it should tentatively serve as a means 
of interpreting the values of mean ac- 
tivities and their variation with operat- 
ing variables in terms of laboratory 
data on catalyst behavior and residence- 
time characteristics of reactors and re- 
generators. 
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NOTATION 

A = mean activity 

F(@) = age-distribution function in 
reactor feed 

F(t) = fraction of particles leaving 
regenerator having entered 
the system at time t or less 

F’(t) = time derivative of F(t) 

= temporary activation func- 
tion 

H(a) = age-distribution function in 
regenerator feed 

H(t) = fraction of particles leaving 
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n 
Fig. 7. Mean activity within reactor for the case of temporary 
deactivation. 
Subscripts 


reactor having entered the 
system at time f or less 


= time derivative of H’(t) 

k = constant defined by Equa- 
tions (46) and (47) 

K(t) = permanent deactivation func- 
tion 

K = mean permanent deactiva- 
tion 

m = number of completely mixed 
stages in series 

n = feed rate to reactor 

P(€) = age distribution in regenera- 
tor feed 

N = number of particles within 
reactor or regenerator 

q = number of tagged particles 
having left reactor 

= age distribution in reactor 
feed 

Q = number of tagged particles 
introduced into reactor 

R(@) = temporary deactivation func- 
tion 

t = time 

T’(t) = residence-time distribution 
function 

T(t) = defined by Equation (3) 


Greek Letters 


a BS catalyst age in regenerator 

B = fraction of reactor feed 
stream which is fresh catalyst 

= n/N 

=ertt, 

0 = catalyst age in reactor 

é = 6+ t, 

T = dimensionless time 
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G and g = regenerator 
i stream entering reactor 


o = stream leaving reactor 
M = complete mixing 

P = piston flow 

Randr = reactor 


Other Notation 

Small letters ¢(s), f(s), h(s), h’(s), 
?(s), and ?#(s) represent the Laplace 
transforms of the corresponding capi- 
talized functions. 
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The Kinetics of the Absorption of 


Phosgene into Water and Aqueous Solutions 


W. H. MANOGUE and R. L. PIGFORD 


Pure phosgene gas was dissolved in short laminar jets of aqueous solution, and the 
results were interpreted with an unsteady state absorption-plus-reaction theory. Absorption 
rates of sulfur dioxide and carbon dioxide into water in the same equipment support this interpre- 
tation. The solubility of phosgene in water at 25°C. has been estimated from the absorption rates 
as 0.069 g.mole/(liter) (atm.). The estimated heat of solution is 6,800 cal./g.mole. At 16° and 
25°C. the effect of a chemical reaction between phosgene and water on the absorption rate 
in a jet appears to be almost negligible, but at 45°C. a first-order reaction rate constant of 
75 sec. can be derived from the absorption rates. 

From absorption measurements with short jets and sodium hydroxide solutions so strong that 
a pseudo-first-order reaction accompanied absorption, the reaction rate constant for the bi- 
molecular reaction between dissolved phosgene and the hydroxyl ion was estimated. A value 
of 1.6 x 10° liters/(g. mole) (sec.) was obtained at 25°C. in 1-N sodium hydroxide; at 
35°C. in the same solution the estimated value was 2.9 x 10°. There appears to be a slight 
increase in the reaction-rate constant with the ionic strength of the solution. 


In chemical operations involving 
gaseous phosgene it is frequently de- 
sirable to remove phosgene from air, 
owing to its high toxicity. Scrubbing 
the air-phosgene mixture with a liquid 
absorbent is a useful technique but one 
for which it is difficult to design ab- 
sorption equipment owing to the lack 
of necessary physicochemical data. It 
is well known that phosgene hydrolyzes 
in water to form carbon dioxide and 
hydrogen chloride in solution, but the 
rate constant for the reaction and con- 
centration of dissolved phosgene at the 
reaction site are not known. Solubilities 
of unreacted phosgene in reactive sol- 
vents are of course impossible to meas- 
ure by conventional methods because 
equilibrium cannot be established ex- 
perimentally between finite quantities 
of gas and liquid phases. For similar 
reasons homogenous reaction rates can- 
not be observed in conventional ways. 
Such data are required however if the 
theory of diffusion and chemical reac- 
tion that has been developed in recent 
years (2, 3, 22) is to be employed for 
computing the effect of the irreversible 
reaction on the resistance to mass 
transfer through the liquid. 

Because of the complex flow phe- 
nomena that doubtless exist in conven- 
tional gas absorption process equipment 


W. H. Manogue is with E. I. du Pont de Ne- 
mours and Company, Inc., Eastern Laboratory, 
Gibbstown, New Jersey. 
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and because fluid motion has to be rep- 
resented accurately in mass transport 
equations if valid physical constants 
are to be obtained from the solutions 
of the equations, measurements of ab- 
sorption rates in large equipment are 
much more difficult to interpret than 
measurements in specially designed 
laboratory absorbers. If the fractional 
increase in the absorption rate per unit 
of surface can be determined in ideal- 
ized apparatus, the corresponding in- 
crease in the rate per unit volume of 
the conventional absorber should be 
predictable with at least fair accuracy 
because the results of the laboratory 
experiments permit the  well-estab- 
lished principles of physical chemistry 
to be employed quantitatively on the 
larger scale. 

The most popular types of idealized 


absorbers employed for laboratory 
studies of this kind have been the 
short wetted-wall column (16), the 


rotating drum absorber (4), and the 
laminar liquid jet apparatus (1, 5, 4, 
14, 15, 24). Although the first of these 
has been used successfully (27), it has 
been recognized recently that the end 
effects associated with the establish- 
ment of the parabolic velocity distribu- 
tion in the liquid layer and with its 
disengagement from the gas introduce 
uncertainties. The jet apparatus seems 
to be more nearly free from these ob- 
jections. In the thin, laminar jet the 
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tluid velocities are everywhere nearly 
parallel to the axis, so that the flow 
pattern is very nearly rodlike. The 
small corrections that are required to 
account for the boundary-layer flow 
near the surface and near the nozzle 
and for the gradual acceleration due to 
gravity can be computed with accuracy, 
as shown by Scriven (19). Although 
the shape of the liquid surface in such 
apparatus is wholly different from that 
employed in large equipment, the pos- 
sibility of giving quantitative interpre- 
tation to absorption-rate data make it 
ideal for laboratory investigations of 
mechanisms. 


THEORY OF DIFFUSION COMBINED 
WITH FIRST-ORDER, IRREVERSIBLE 
REACTION 


When phosgene is absorbed into a 
chemically reactive solvent the diffu- 
sion equation is 

OA 


I 
Ox” ot (1) 


in which the last term on the right 
represents the effect of a first-order re- 
action. If the solvent is water, the re- 
action that destroys phosgene is the 
hydrolysis reaction 


COCI + H.O > CO. + 2H* + 2Cl 


the rate of which is probably propor- 
tional to the phosgene conentration, 
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water being in very large excess. If the 
solvent is an aqueous solution of an 
alkali like sodium hydroxide, the re- 
action very likely involves the direct 
attack of a hydroxyl ion on the dis- 


solved phosgene molecule 
cocl, + HCO; + 2Cl +H.O 


and is pseudo first-order only if there 
is a large excess of hydroxyl ion which 
is essentially not depleted by reaction 
with phosgene in the important reac- 
tio region near the interface. (Other- 
wise, a second diffusion equation rep- 
resenting the concentration of OH~ has 


, to be included.) The boundary condi- 
| tions are 


(2) 


which assume phase equilibrium at the 
interface and an effectively infinite 
depth of liquid in the direction per- 
pendicular to the interface. 

The solution of this boundary value 
| problem has been obtained (2, 22) as 


Na = Ai 


[ exp (—k;t) | 

\/akit 
The approximate form of this result 
when k;t is small is of special interest 
in the present work. It is 


7 


Furthermore when kt is very large 


Ai VkiD (5) 


Owing to slight variations in the 
fluid velocity near the surface of the jet, 
t is not precisely the same for the fluid 
particles that flow near the surface and 
near the jet’s axis. The differences are 


slight for jets moving at high speed 
however, as shown by Scriven’s calcu- 
lations (19, 20) for absorption without 
reaction. As a result, 


t = h/U, = sD*h/4Q (6) 


with good accuracy for long, slender 
jets. 

The total rate in moles of gas per 
unit of time, ¢, is obtained by summing 
N, over the surface of the jet: 


$ = 7 f* D(h)N,(h) dh 


~ aD §*Na(h)dh (7) 


When k,t = 0, that is for purely phy- 

sical absorption 
6=4A,/DQh+e(h) (8) 

where e(h) is a small correction factor 

calculated by Scriven and Pigford (21). 

Similarly when k,t is small but not 

Zero 

aD*k,h 

20 ee .) 


(9) 


6=4A: 


and when k,t >> 0 


(10) 
The correction term in Equation (9), 
accounting for deviations from rodlike 
flow, has not been evaluated when 
k,t A 0, but it is probably smaller than 
the already small correction in Equa- 
tion (8). The local absorption rate 
tends toward a constant value when 
k,t increases, and variations in t from 
one streamline to another should have 
decreasingly small influences on N,. 
When k;t exceeds 20, the average 
rate of absorption Nx = $/(7Dh) be- 
comes independent of the jet length 
with an error not exceeding 2.5%. For 
an ideal jet having the same surface 
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Fig. 1. Schematic drawing of apparatus. 


A.1.Ch.E. Journal 


area and length as the actul jet but 
having a rodlike uniform velocity and a 
cylindrical shape it is 


By operating experimental gas-absorp- 
tion apparatus under conditions such 
that Equation (11) is applicable, esti- 
mates of both reaction-rate constant 
and equilibrium solubility can be de- 
rived from observed rates per unit 


surface N,, and the results can be ex- 
pected to be independent of the fluid 
mechanical situation in the jet. 


EQUIPMENT 


The apparatus consisted of an absorp- 
tion chamber, a jet nozzle and receiver, 
liquid and gas feed systems, constant- 
temperature baths, supporting structure 
and fume hood. The equipment is shown 
schematically in Figure 1. 

The jet was produced by a piece of 6- 
mm. glass tubing drawn to a capillary tip 
(1. D. = 0.63 mm.). The capillary was 
slightly elliptical, the maximum range in 
measured diameter being about 4%. The 
nozzle holder was a cylindrical piece of 
iron which had two small packing glands 
for the nozzle and a thermometer. A rub- 
ber gasket permitted easy adjustment of 
the jet position relative to the receiver. 
The jet collector was a short, pointed 
piece of capillary tubing with an 0.78- 
mm. bore, a size chosen to reduce the 
possibility of entraining gas bubbles. Jet 
lengths were taken as the distance be- 
tween the end of the nozzle and the top 
of the collector since the liquid level was 
maintained without fluctuation at the top 
of the collector during a run in order to 
avoid entrainment. The jet lengths were 
measured with a cathetometer. 

The absorption chamber was a piece of 
64-mm. glass tubing 180 mm. long and 
closed at the bottom. It was located in a 
constant-temperature bath. Gas entered 
near the bottom of the chamber through a 
short section of glass tubing sealed tan- 
gentially into the side. The bottom of the 
chamber sloped to a trapped drain line to 
remove any liquid spilled during start-up 
of the jet. 

Absorbent liquid passed from the stor- 
age bottles through a constant-tempera- 
ture bath into a constant-head tank. It 
then flowed through a rotameter and into 
the absorption chamber. Effluent liquid 
from the chamber went through the bot- 
tom of the water jacket into an overflow 
device that permitted adjustment of the 
liquid level in the capillary receiver. From 
there it went either to a sample bottle or 
to the drain. 

All solutions were made with deionized 
water and were stored in 5-gal. Pyrex 
bottles, which normally held enough solu- 
tion for several runs. Reagent-grade 
sodium hydroxide and sodium nitrate 
were used to prepare the salt solutions. 
The sodium hydroxide solutions were pre- 
pared by diluting 50% caustic, which had 
been decanted from the insoluble car- 
bonate. They were stored in Pyrex bottles 
provided with a vent line containing 
Ascarite. 
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Fig. 2. Sulfur dioxide absorption into water at 
25°C., corrected to 1.182 cc./sec. and 736 
mm. Hg. 


The densities and viscosities of all sol- 
vents were obtained from the International 
Critical Tables. 

The alkaline solutions fed to the ab- 
sorber were titrated with standard hydro- 
chloric acid to consecutive end points of 
8.4 and 4.0 pH to determine both the 
hydroxyl ion and the amount of carbonate 
present. The sodium carbonate was gen- 
erally less than 1% of the total alkalinity. 

Special techniques were required for 
collecting exit liquid samples during the 
absorption of sulfur dioxide and carbon 
dioxide to minimize desorption of dis- 
solved gas. The vapor space in the over- 
flow chamber was made as small as possi- 
ble, and the absorber effluent was fed into 
the bottom of a bottle containing sodium 
hydroxide solution. The sample bottles 
were purged with nitrogen prior to filling 
them with base. For sulfur dioxide an 
excess of hydrogen peroxide was added to 
the base. Carbon dioxide was determined 
by titration of the excess sodium hydroxide 
with standard hydrochloric acid in the 
presence of excess barium chloride to an 
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Fig. 3. Carbon dioxide absorption into water at 
25°C., corrected to 1.182 cc./sec. and 736 
mm. Hg. 
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Fig. 4. Rates of phosgene absorption into water at 25°C. with 
1.D. nozzle (data corrected to 1.182 cc./sec. and 
736 mm. Hg). 


0.0628 cm. 


end point at pH = 8.8. Sulfur dioxide 
was determined by titration with hydro- 
chloric acid in the presence of an excess 
of hydrogen peroxide. 

The absorber solutions were analyzed 
for chloride ion by titrating with 0.03-N 
silver nitrate solution. The end point was 
indicated by a potentiometric method 
which used a billet type of silver electrode 
with a sleeve type of mercury-mercuric 
sulfate reference electrode containing sat- 
urated potassium sulfate bridge solution. 
One ml. of concentrated nitric acid was 
added per 100 ml. of sample before titrat- 
ing. Solutions containing sodium hydrox- 
ide were first neutralized with acetic acid. 
The method of analysis was checked by 


analyzing standard sodium chloride solu- 
tions. 

Thermometers reading to 0.1°C. indi- 
cated the inlet and effluent liquid tem- 
peratures. For physical absorption the 
exit liquid temperature normally — was 
maintained within 0.1°C. of the desired 
value. In runs where the bulk tempera- 
ture of the liquid increased as a result of 
a chemical reaction, the average of the 
inlet and exit liquid bulk temperatures 
normally was maintained within 0.2°C. of 
the desired value. 

Gas was taken from the top of the 
cylinders, fed through a rotameter into a 
copper coil in the constant-temperature 
bath surrounding the absorption chamber, 
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Fig. 5. Rates of phosgene absorption into water at 25°C., 
1.D. short glass nozzle (data corrected to 
1.182 cc./sec. and 736 mm. Hg). 


with 0.0609 cm. 


A.I.Ch.E. Journal 


September, 1960 


GM MOLES/SEC. 


w 
< 
« 
z 
= 


Fig 


Le 
| 
an 
ch 
| 
| 
| 
| ap 
ter 
) co 
| Ar 
sh 
ca 
RE 
At 
in 
le 
ou 
th 
p 
re 
su 
A 
) 
p! 
-7 
th 
d 
it 
al 
fi 
te 
li 
| b 
») ti 
| 
b 
) b 
n 
| | tl 
fi 
A | 
0 


ide solu- 


°C. indi- 
uid tem- 
tion the 
lly was 
> desired 
tempera- 
result of 
e of the 
peratures 
.2°C. of 


» of the 
er into a 
nperature 
chamber, 


r, 1960 


| 
| 


ENTRAINMENT INTO LA 
COLLECTOR NOTICED ° 


4 


Va 


ENTRAINMENT INTO 
COLLECTOR NOTICED 
4016} 28x10" | 
| 
PREDICTED, 
wo IDEAL 
Dg 16 
g 
10 20 30 
Jr, cm? 
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and then into the chamber. The stream 
flowed out a side arm at the top of the 
chamber and was vented into the exhaust 
duct of the hood. 

Phosgene was purchased in a 150-lb. 
cylinder as better than 99.5% pure. After 
approximately 20% of the cylinder con- 
tents were bled off, the residue gas gave 
constant absorption rates on check runs. 
An infrared analysis of this material 
showed no detectable hydrochloric acid, 
carbon monoxide, or carbon dioxide. 


RESULTS 


Absorption in water 

Absorption rates of sulfur dioxide 
into water at 25°C. for several jet 
lengths are shown in Figure 2. Previ- 
ous workers (9, 15) have shown that 
this absorption may be treated as 
purely physical. The data were cor- 
rected slightly by means of Equation 
(8) to a constant partial pressure of 
sulfur dioxide of 736 mm. Hg and to a 
constant liquid rate of 71 ce./min. 
Although pure gas was fed to the ap- 
paratus, it was assumed that the gas 
phase at the interface was saturated 
with water. This assumption is sup- 
ported by some preliminary work in 
this equipment and by the more exten- 
sive work of Scriven (19) with carbon 
dioxide, which showed that presaturat- 
ing the gas with water had no detect- 
able effect on the absorption rate. 

The data in Figure 2 result from 
five runs in which sixteen samples were 
taken. They are correlated by a straight 
line falling below the curve predicted 
by Equation (8), in which the correc- 
tion term ¢« (h) allowing for boundary 
layer and gravitational corrections has 
been evaluated by the methods given 
by Scriven and Pigford (21). These 
methods require that the thickness of 
the boundary layer in the jet emerging 
from the nozzle be known; it was esti- 
mated in this work from measurements 
of the profile of the liquid jet actually 
employed. Including the correction 
term in Equation (8) causes the theo- 
retical line to be displaced parallel to 
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Fig. 7. Rates of phosgene absorption into water at 35° and 
45.5°C. (data corrected to 1.182 cc./sec. and 760 mm. total 


the line for an ideal jet, that is one 
having constant velocity and constant 
diameter. In accordance with the data 
the displacement from the ideal jet line 
should be still greater than that ex- 
pected from the fluid mechanical theory. 
This may be due to the fact that the 
tip of the glass nozzle used to form 
the jet was wetted by the liquid, form- 
ing a stagnant pool through which dis- 
solving gas would diffuse slowly. Alter- 
nately the lower rate of absorption may 
have been due to the presence of a 
surface-active contaminant that was 
present on the whole surface of the 
liquid, contributing an extra, constant 
resistance to passages of molecules 
through the interface. 

Other authors, notably Lynn, Stra- 
atemeier, and Kramers (10) and Wen- 
del (27) using wetted-wall columns 
and Cullen and Davidson (1) using a 
jet apparatus, have found that portions 
of their interfaces were inactive for 
gas absorption, evidently because of 
the accumulation of film at the bottom 
of the surfaces. Lynn et al. have shown 


pressure). 


that the subtraction of a constant area 
from the total interfacial area helps 
greatly in the correlation of data from 
such experiments. Scriven and Pigford 
(20) on the other hand found that the 
entire surface of their water jets ap- 
parently was effective in the absorption 
of carbon dioxide. This was probably 
due to the greater velocity of their 
interfaces. The jet design employed in 
this work was similar to that of Scriven, 
and furthermore the subtraction of a 
constant amount of supposedly inactive 
surface causes the experimental data in 
this work to deviate from a straight 
line even when conformity to a straight 
line would be expected. It is concluded 
therefore that this sort of correction is 
not likely to be the proper one under 
the experimental conditions employed. 
In any case however the deviations from 
the theoretical lines are not large. Al- 
though the magnitude of the fluid 
mechanical corrections is subject to 
some uncertainty, it is the slope of the 
experimental line that is most signifi- 
cant for the computation of the gas 


TABLE 1. SOLUBILITY OF PHOSGENE IN WATER AND AQUEOUS SOLUTIONS 


D, diffusion kr, pseudo- 
Solubility, Ac, used first-order 
anoles to calculate reaction 
solubility, rate constant, 
Solvent Temp., °C. (liter ) (atm. ) sq. cm./sec. sec.7 
Water 0.109 9.6 x 10° 
Water 25 0.069 12.7 6* 
Water 35 0.046 16.1 22, 
Water 45.5 0.027 20.4 75 
0.522-Molal NaNO; 25 0.060 12.4 — 
1.092 25 0.052 11.9 — 
2.0 25 0.046 10.9 — 
SO: in water 25 1.295 (17) 18.3 (16) — 
CO: in water 25 0.03285 (17) 19.7 (20) — 
* Obtained by extrapolation from the two higher temperatures. 
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solubility from the results, and it is 
believed that the properties of unstable, 
dissolved phosgene to be reported are 
reliable. The slopes of lines such as 
those on Figure 2 can be determined 
accurately from the data and are very 
nearly independent of any minor errors 
in the calculation of the true velocity 
of the surface. 

Corrected rates of absorption of car- 
bon dioxide into water at 25°C. for 
several jets are shown in Figure 3. 
These data result from nine runs in 
which twenty-nine samples were taken. 
The range of the observed rates as well 
as the average for each run are shown 
on the graph. Although they show 
considerable scatter, the data for all 
but one run are below the ideal-jet 
curve; they are also generally below 
the predicted curve for a real jet and 
may be correlated by a line parallel to 
the line for an ideal jet, as were the 
sulfur dioxide data. 


The measured rates for the 6-cm. jet 
are farther from the predicted values 
than are those for other jet lengths. 
These data were the first taken in this 
investigation, when the absorption 
chamber was a 5-gal. battery jar which 
may not have been completely purged 
of air. Some difficulty in purging this 
chamber had been experienced previ- 
ously, so that the presence of air may 
have led to the low results. The scatter 
of the data may be caused largely by 
variations in the analysis of carbon 
dioxide. In runs at the shorter jet 
lengths the blank corrections for car- 
bon dioxide in the feed water and in 
the sodium hydroxide used for titration 
were about 20% of the titres, and 
these blanks showed considerable scat- 
ter from run to run. 


TABLE 2 
Average 
heat of 
Temper- solution, 
ature cal./ 
Gas Solvent range, °C. g.-mole 
Phosgene Water 15-45.5 6,800 
Carbon 
dioxide Water 15-35 4,600 
Nitrous 
oxide Water 15-35 5,400 


The results for sulfur dioxide and 
carbon dioxide indicate that the method 
chosen to correlate the data is valid 
for absorption without reaction. They 
also show that the equations resulting 
from Scriven’s analysis of the jet flow 
pattern predict the order of magnitude 
ot deviations, e, of the absorption rate 
in a real jet from the rates predicted 
for a constant-velocity jet. (The solu- 
bilities and diffusivity used in calcu- 
lating the predicted rates are listed in 
Table 1.) 

Adjusted rates of phosgene absorp- 
tion in water at 25°C. are shown in 
Figure 4. The data result from sixteen 
runs in which seventy-seven samples 
were taken. (A run is a series of sev- 
eral repetitive but independent samples 
leading to a mean.) The results from 
tive samples in five runs were discarded 
because they varied from the mean of 
that run by more than four times the 
standard deviation for the run. The 
standard deviations ranged from 0.2 to 
2.6% of the respective means. 

The absorption rate increased line- 
arly with the square root of the jet 
length. This is the same dependence 
on the jet length which is predicted for 
physical absorption by Equation (8), 


so that the rate-determining process is 
probably molecular diffusion of dis- 
solved and unreacted phosgene into 
water. 

To compare absorption rates for dif- 
ferent nozzles phosgene was also ab- 
sorbed into water at 25°C. in a jet 
formed by a short 0.0609-cm. LD. 
nozzle. This nozzle was constructed by 
sealing a piece of capillary tubing on 
the end of a length of 6-mm. tubing 
and then cutting off the capillary tub- 
ing so that only about 1.5 mm. of 
length remained. The data are shown 
m Figure 5 and are more scattered 
than those taken with the long nozzle. 
In these runs a 0.09-cm. I.D. collector 
was used instead of the 0.08-cm. I.D. 
one used with the larger nozzle. This 
larger collector probably is responsible 
for most of the scatter. However there 
is no apparent difference in the results 
obtained with the two different noz- 
zles. The least-squares straight line 
through the data of Figure 4 repre- 
sents the data in Figure 5 equally well. 

Absorption rates of phosgene into 
water at 15°, 35°, and 45.5°C. are 
represented in Figures 6 and 7. The 
data scatter somewhat more than in 
Figure 4. The solubility of phosgene 
in water was calculated from the slopes 
of the lines in Figure 4, 6, and 7 with 


Equation (8) used. The term Ay/D 
was determined from the data, and 
the diffusivity was calculated by the 
use of the correlation of Wilke (28). 
This correlation predicts the diffusivity 
of carbon dioxide in water within 5% 
of the value selected by Scriven (19) 
after a careful study of data from sev- 
eral sources; it predicts the diffusivity 
of sulfur dioxide within 15% of Peace- 
man’s (16) measured value. The phos- 
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Fig. 8. Effect of temperature on the solubility of phosgene in 


water. 
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Fig. 9. Phosgene absorption into aqueous solutions of sodium 
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gene solubilities are listed in Table 1 
with the estimated diffusion coefficients 
that were used to calculate them. 

At 35° and 45.5°C. the rate of ab- 
sorption into water is affected by the 
reaction of the dissolved phosgene, so 
that the second term in the parentheses 
of Equation (9) cannot be neglected. 
Its effect is greatest at the highest 
temperature and the largest value of 
jet length. On the other hand the slope 
of the line relating absorption rate and 
h” in the range where h is small is 
hardly affected by the reaction and 
gives an approximate value of A,\/D. 
By successive trial of various values of 
Ai\/D and k, a pair of values can 
finally be computed for which the data 
for both short and long jets can be 
brought together. The values of solu- 
bility and rate constant listed in Table 
1 at the two higher temperatures have 
been obtained by this procedure. 

The logarithm of the saturation con- 
centration of phosgene in water at 
equilibrium with pure phosgene gas at 
1 atm. is plotted against the reciprocal 
of the absolute temperature in Figure 
8. For comparison, data for carbon di- 
oxide and nitrous oxide (17) are also 
shown in Figure 8. The calculated 
heats of solution are given in Table 2. 

Figure 9 represents absorption rates 
of phosgene into aqueous solutions of 
sodium nitrate. Here again physical 
absorption theory correlates the data. 
Sodium nitrate was used for these 
measurements because it produced the 
same cation as sodium hydroxide, it 
was composed of monovalent ions, and 
its use did not interfere with the deter- 
mination of absorbed phosgene by 
chloride ion titration. 

The solubility data for the inert salt 
solutions are shown in Table 1. They 
are correlated and extrapolated with 
an equation similar to one proposed by 
Markham and Kobe (12): 


1 


12 
1+ bm 
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. 10. Predicted solubility of phosgene in aqueous sodium 
hydroxide at 25°C. (corrected to 736 mm. Hg). 


This equation appears to be the best 
one available for solution strengths 
above 1 molal. Neither the Setschenow 
(13) equation nor the equation pro- 
posed by van Krevelan and Hoftijzer 
(25) seems to be as accurate for con- 
centrated solutions. 


Absorption in Alkaline Solutions 


In order to calculate mass transfer 
coefficients from rates of absorption 
into sodium hydroxide solutions the 
solubility of unhydrolyzed phosgene in 
these solutions is required. This may 
be estimated from the solubility of 
phosgene in aqueous sodium nitrate 
solutions by a method similar to that 
used by Markham and Kobe (12) 
which has been described in detail by 
Wendel (26). Briefly it used the fact 
that the salting out of gases by strong 
electrolytes in water has been found to 
depend additively on the effects of the 
ions present. The increased effective- 
ness of the hydroxyl radical over nitrate 


IONIC STRENGTH, MOLES /LITER 


Fig. 11. Effect of ionic strength on reaction-rate constant for reaction 
with hydroxide ion (all measurements at 25°C.). 


in salting out phosgene is obtained by 
comparing the solubilities of nitrous 
oxide in potassium nitrate and potas- 
sium hydroxide (13). Nitrous oxide is 
used as a reference gas because data 
for hydroxide solutions are available 
and the solubility of nitrous oxide in 
water is of the same magnitude as that 
of phosgene, so that salting out effects 
can be expected to be similar for the 
two gases. Figure 10 shows the esti- 
mated solubility of phosgene in sodium 
hydroxide. 

A number of experiments were car- 
ried out at 25°C. in which phosgene 
was dissolved in sodium hydroxide 
solutions of varying strength up to 
about 3 moles/liter, with a 7.5-mm. 
jet used. The data are given in Table 
3. It seemed probable that the change 
in the sodium hydroxide concentration 
in the reaction zone would be small 
enough in some of these experiments 
that the reaction would be pseudo-first- 
order; it also seemed that the rate con- 


TABLE 3. RATES OF PHOSGENE ABSORPTION INTO 
Agurous Soprum SoLuTIONS AT 25°C, 


Phosgene 
absorption rate, 
g.-moles/sec. 


kr f 
x 10° Contact time, 11, 
(corr. to sec. X 10° liters 
Normality of 760 mm. Hg (with rodlike 
NaOH solution total pressure ) flow assumed ) (g.-mole ) (sec. ) 
Jet length 0.75 cm., interfacial area 0.144 sq. cm. 
2.43 3.08 1.85 20,500 
1.44 3.06 1.81 17,500 
1.02 2.86 1.80 15,800 
0.96 2.84 1.80 15,900 
0.49 2.17 1.87 12,000 
0.47 2.33 1.78 14,500 
Jet length 3.0 cm., interfacial area 0.575 sq. cm. 
2.86 9.74 7.78 14,200 
1.99 10.4 7.57 13,600 
1.09 9.94 7.40 11,800 
0.96 9.48 7.20 11,200 
Jet length 7.0.cm., interfacial area 1.325 sq. cm. 
1.92 22.0 16.9 11,100 
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stant for this reaction might be sufh- 
ciently large that Equation (11) would 
represent the absorption rate. This 
speculation was encouraged by the 
high numerical values of B,/A;, the 
short contact times of the experiments, 
and the marked effectiveness of sodium 
hydroxide in increasing the phosgene 
absorption rate. Rate constants have 
been calculated from the data by means 
of Equation (11) and are shown as a 
function of sodium hydroxide normal- 
ity in Figure 11. 

The rate constants increase linearly 
with sodium hydroxide concentration. 
This may be interpreted in several 
ways: either phosgene was not hydro- 
lyzed by a first-order reaction, or the 
trend in rate constants is caused by a 
defect in the solubility predictions or 
an effect of the ionic strength of the 
solution on the rate constant itself. 

It is believed that the reaction in the 
short jet did not deplete the hydroxyl 
radical concentration appreciably and 
that the chemical rate is therefore 
pseudo-first-order. The solubility pre- 
diction is also believed satisfactory. It 
was assumed in the calculations that 
the diffusivity in Equation (11) varies 
inversely with the solution viscosity. 
Any error in this approximation is be- 
lieved to be slight. A maximum error 
of about 2% in the estimated rate con- 
stants arises from neglecting the in- 
crease in interfacial area caused by 
wetting of the nozzle. This is well 
within the experimental error of the 
estimates. 

The increase in the rate constants 
with the sodium hydroxide concen- 
tration probably results from the chang- 
ing ionic strength of the solution. A 
similar variation in the second-order 
rate constant for the reaction between 
carbon dioxide and hydroxyl ien has 
been reported by Pinset, Pearson, and 
Roughton (18) and Nijsing (15). The 
data from (18) are reproduced in Fig- 
ure 11. For ionic strengths greater than 
0.3 moles/liter their data show that 
the rate constant increases about line- 
arly with the ionic strength, although 
some ions are less effective than others. 
Replacing concentration with activity 
does not cause the results with the dif- 
ferent salts to fall on the same line. 
The observed variation in the rate 
constant with the ionic strength is 
relatively slight and is about what 
would be expected for the reaction be- 
tween a neutral molecule and an ion 
(7). 

Rate constants from jets longer than 
0.75 cm. are also shown in Figure 1] 
for comparison, although the reaction 
in these jets is slowed appreciably by 
the reduction of the hydroxyl radical 
concentration near the interface. Equa- 
tion (11) does not apply accurately to 
these experiments and gives rate con- 
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stants that are too small, as seen on the 
figure. 

A value of 1.6 10* liters/ (g.-mole) 
(sec.) is selected as the best estimate 
of the second-order rate constant in 
1-N sodium hydroxide at 25°C. At 
35°C. the only measurement which 
was made under pseudo-first-order con- 
ditions is in 1-N sodium hydroxide and 
gives a rate constant of 2.9 x 10%. 

The ratio at 
25°C. for phosgene is 9.14 x 10°. 
This is consistent with the values for 
other compounds hydrolyzing by the 
same mechanism (23), although it is 
lower than the value of the correspond- 
ing ratio of reaction rates for carbon 
dioxide, 18 x 10° (18). 
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NOTATION 
a = constant in Equation 
0.01 for phosgene 


(12), 


A = concentration of dissolved but 
unreacted gas molecules; sub- 
script i refers to the concen- 
tration at the gas-liquid inter- 
face 

b = constant in Equation (12), 
0.232 for phosgene 

B, =concentration of sodium hy- 
droxide in the liquid fed to 
the absorber 

D = diffusivity, sq. cm./sec. 

D = jet diameter, cm. 

D = average jet diameter, cm. 

D* = mean squared jet diameter, 
sq. cm. 

h = jet length, cm. 

k, = pseudo-first-order reaction rate 
constant, sec.™. 

kj, = second-order reaction rate con- 
stant, liters/ (mole) (sec. ) 

m = molality of solution 

N, = instantaneous absorption rate 
of component A, g.-moles/ (sq. 
cm.) (sec. ) 

Nx = average absorption rate of 
component A, g.-moles/(sq. 
cm.) (sec. ) 

Q = volumetric flow rate, cc./sec. 

Sm = volume of gas at standard 
temperature and pressure dis- 
solved by the quantity of solu- 
tion of molality m containing 
1 g. of water 

So = volume of gas at standard 
temperature and pressure dis- 
solved by 1 g. of water 

t = elapsed time of exposure of an 
element of liquid surface to 
the gas 

Uo = average velocity parallel to jet 
surface, defined by Equation 
(6) 

x == distance into the liquid phase 


measured from the interface 
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small correction factor - which 
accounts for the effect of noz- 
zle drag and gravitational ac- 
celeration on the absorption 
rate 

total absorption rate at 760 
mm. Hg. pressure, moles/sec. 
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Detonation Characteristics of 


Hydrogen-Oxygen Mixtures at 


High Initial Pressures 


ROY L. GEALER and STUART W. CHURCHILL 
The University of Michigan, Ann Arbor, Michigan 


Detonation velocities of hydrogen-oxygen mixtures were measured for initial pressures from 
14.4 to 1,000 Ib./sq. in. abs. and compositions from 40 to 80 mole % molecular hydrogen. Deton- 
ation and impact characteristics were computed for essentially the same range of conditions 
by the use of the elementary theory of detonation. Equilibrium compositions of hydrogen-oxygen 
mixtures at pressures from 10 to 2,000 atm. and temperatures from 3,000 to 5,000°K. were 
included in the computations and have been filed with the American Documentation Institute. 
The effect of nonideal thermodynamic properties on the computed detonation velocities was 


considered. 


Since the velocity of propagation of 
a detonation wave depends upon the 
energy released in the combustion pro- 
cess, and since the net energy released 
is diminished by the energy consumed 
in dissociating the products of combus- 
tion, a decrease in the degree of dis- 
sociation of the products should result 
in an increase in detonation velocity. 
In the hydrogen-oxygen system an in- 
crease in the pressure of the system 
decreases the degree of dissociation of 
the products of combustion and_ thus 
can be expected to increase the veloc- 
ity of the detonation wave. 

Detonation velocities have been 
measured at nonambient conditions by 
only a few investigators. Dixon (3) 
determined detonation velocities in 
stoichiometric mixtures of hydrogen 
and oxygen at 10° and 100°C. over a 
pressure range from 200 to 1,500 mm. 
Hg. Moyle, Morrison, and Churchill 
(18) measured velocities and com- 
puted theoretical detonation character- 
istics Over a temperature range from 
160° to 480°K. and a pressure range 
from 0.5 to 2 atm. in various hydrogen- 
oxygen mixtures. Hoelzer and Stobaugh 
(10) measured velocities in hydrogen- 
oxygen and ethane-oxygen mixtures 
over a pressure range from 1 to 10 atm. 


Roy L. Gealer is with the Ethyl Corporation, 
Detroit, Michigan. 
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for several compositions. The purpose 
of this investigation was to measure 
detonation velocities in hydrogen-oxy- 
gen mixtures over a considerably ex- 
tended range of pressure. 

Theoretical detonation characteristics 
were also computed for the experi- 
mental conditions by the use of the 
elementary theory of detonation. Since 
this work was completed, Luker, Mc- 
Gill, and Adler (17) have reported 
theoretical characteristics, for stoichio- 
metric mixtures only, over the same 
range of pressures. 


EXPERIMENTAL EQUIPMENT AND 
PROCEDURE 


Figure 1 shows a sketch of the equip- 
ment. A 2-¥%-in., double-extra-heavy steel 
pipe was used as a mixing and pressuriz- 
ing chamber. After evacuation a mixture 
of approximately the desired composition 
was proportioned into the vertical mixing 
pipe from the gas bottles by partial pres- 
sure. Fire resistant hydraulic fluid was 
pumped up through the bottom of the 
pipe to compress the mixture to the de- 
sired pressure. The pressurized gas was 
then forced out the tip of the mixing tube 
and into the bottom of the vertical deto- 
nation tube. Samples of each mixture 
were analyzed by absorbing the oxygen 
in a solution of alkaline pyrogallol and 
measuring the volumetric loss at constant 
pressure. Three analyses were made for 
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each sample, and the arithmetic average 
was used. Samples were taken at several 
different times to establish the minimum 
time required for mixing. 

The stainless steel detonation tube had 
a 4-in. O. D. and a %-in. I. D. It was 
mounted vertically with a hot-wire ignitor 
near the bottom and ionization probes for 
velocity measurement spaced 18 in. apart, 
near the top. The first probe was located 
53 in. from the ignitor, since the data of 
Dumanois and Lafitte (4) indicated that 
a fully developed wave velocity would be 
obtained in this distance. Velocity meas- 
urements at a series of probe locations 
confirmed that this distance was sufficient 
except in rich mixtures at low pressures as 
discussed later. 

After the high pressure mixture of hy- 
drogen and oxygen was charged into the 
detonation tube, which was closed at the 
top by a brass rupture diaphragm, the 
tube was closed off from the rest of the 
system and the mixture ignited. As a det- 
onation wave passed through the tube; 
one ionization probe and thyratron circuit 
started a timer, and a second stopped it. 
The timer registers time intervals down to 
0.1 usec. with an accuracy of + 0.1 usec. 
The 100 kc. oscillator on the timer was 
standardized by beating the output against 
National Bureau Standards radio station 
WWYV, the crystal being adjusted until 
zero beat was obtained. 

The detonation tube and _ auxiliary 
equipment were located in a deep con- 
crete-lined pit in a special test cell iso- 
lated from the laboratory area by a 1 ft.- 
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thick, poured-concrete wall containing a 
bullet-proof glass window. All valves were 
operated remotely by means of flexible 
push-pull cable controls attached to levers 
on the valves, and the pressure gauges 
were viewed through the bullet-proof 
window by means of a mirror and tele- 
scope arrangement. Destruction of the 
charging system by an accidental explo- 
sion substantiated these precautions. Ad- 
ditional details concerning the equipment 
and work are given in reference 6. 


PREDICTION OF DETONATION 
CHARACTERISTICS 


The detonation characteristics of 
hydrogen-oxygen mixtures were com- 
puted for the experimental range of 
conditions by the use of the elementary 
theory of detonation. This theory pos- 
tulates a planar discontinuity in pres- 
sure, temperature, and composition 
moving at sonic velocity relative to the 
burned gases (the Chapman-Jouguet 
condition ); chemical and thermal equi- 
librium in the burned gases; no longi- 
tudinal energy, component, or momen- 
tum transfer except by flow; no transfer 
to the surroundings; and ideal gas be- 
havior. Details and refinements of the 
elementary theory are presented and 
discussed in standard references such 
as Cook (1), Courant and Friedricks 
(2), Hirschfelder, Curtiss and Bird 
(8), and Lewis von Elbe (15), and 
therefore will not be presented here. 

The chemical species which will be 
present must be specified to formulate 
the equilibrium conditions. Preliminary 
calculations indicated that ozone and 
hydrogen peroxide would be present 
only in negligible quantities. Therefore, 
only the six species molecular hydrogen, 
molecular oxygen, water, atomic hydro- 
gen, atomic oxygen, and hydroxyl were 
assumed to be present. 

When a detonation wave collides 
with a solid wall, a reflected wave 
travels back through the burned gases. 
This reflected wave produces a second 
pressure rise, and the resulting pres- 
sure is often called the impact pressure. 
The pressure behind the reflected wave 
was computed from the elementary 
theory of shock waves with the as- 
sumption of no further change in com- 
position across the reflected wave. This 
assumption is discussed subsequently. 

The detailed mathematical repre- 
sentation of the problem is presented 
in reference 6. 


COMPUTATION PROCEDURE 


In order to minimize interpolation 
of tabulated thermodynamic data the 
equations describing the elementary 
theory of detonation were arranged so 
that the following procedure could be 
used to compute the detonation char- 
acteristics: 
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1. Fix initial composition and final 
pressure. 

2. Compute product composition and 
enthalpy for four assumed final tem- 
peratures. 

3. Compute the final temperature 
corresponding to the initial composi- 
tion, the final pressure, and each of the 
four product compositions and enthal- 
pies. 

. Compute the error between the 
four calculated and assumed final tem- 
peratures. 

5. Employ a Lagrangian four-point 
interpolation on these errors to deter- 
mine that temperature for which the 
error is zero. 

6. Employ the same _ interpolation 
factors to calculate the final molecular 
weight and heat-capacity ratio. 

7. Calculate the detonation velocity 
and the initial pressure. 


aN 


In order to insure that sufficient ac- 
curacy was obtained with a four-point 
interpolation, a single temperature was 
computed with a five-point interpola- 
tion. The difference in final temperature 
was 2°F. which is roughly a 0.05% 
error. The absence of scatter in the 
calculated points further verified the 
accuracy of the procedure. 

An IBM-650 computer was used to 
compute equilibrium compositions for 
an initial temperature of 298°K.; ini- 
tial mole fractions of hydrogen of 0.4, 
0.5, 0.6, 0.6667, and 0.75; final (det- 
onation) pressures of 10, 25, 50, 75, 
100, 250, 500, 750, 1,000, 1,500, and 
2.000 atm.; and product temperatures 
from 3,000° to 5,000°K. The details 
of the calculation procedure are given 
in reference 6. The equilibrium compo- 
sitions for all of the computed condi- 
tions are given in reference 6 and have 
been placed on file*. Although the 
equilibrium compositions were obtained 
as an intermediary in the calculation of 
detonation velocities, they are of gen- 
eral applicability. The effect of pressure 
on the equilibrium composition for a 
stoichiometric mixture is illustrated in 
Figure 2 for 3,000° and 5,000°K. 


THE EFFECT OF ERRORS IN 
PRESSURE SENSITIVE PHYSICAL 
PROPERTIES ON DETONATION 
WAVE VELOCITIES 


Specific heats and enthalpies (13) 
and equilibrium constants (9, 12) of 
the six components as a function tem- 
perature at low pressure were utilized 
in the computations. No data were 
found for the effect of pressure on 
these properties or on the compres- 
sibility factors and fugacity coefficients 


* Tabular material has been deposited as docu- 
ment 6378 with the American Documentation 
Institute, Photoduplication Service, Library of 
Congress, Washington 25, D. C., and may be 
obtained for $3.75 for photoprints or $2.00 for 
35-mm. microfilm. 
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at the highest pressures for which the 
computations were made (final pres. 
sures of 2,000 atm.). High-pressure 
data which are available do not extend 
to the high temperatures which were 
attained. Even the generalized charts 
in terms of reduced pressures and tem- 
peratures do not extend to these condi- 
tions. 

In order to determine what errors 
might be introduced in the computed 
velocities by the use of idealized prop- 
erties, the equations describing the 
wave were reformulated in terms of 
compressibility factors and fugacity 
coefficients, and total derivatives of all 
of the dependent variables were formu- 
lated in terms of the partial derivative 


of the properties. Then the fractional | 


and absolute errors in detonation veloc- 
ity resulting from fractional and abso- 
lute errors in each of the properties 
were computed for a_ stoichiometric 
mixture at a final pressure of 2,000 
atm. Estimates of the probable uncer- 
tainties in the properties were based 
primarily on the generalized reduced 
property charts (11, 19, 20). The ini- 
tial compressibility factor was approxi- 
mated as a mole average of the com- 
pressibility factors of molecular hydro- 
gen and molecular oxygen under the 
initial conditions. The final reduced 
temperature and pressure of molecular 
hydrogen were beyond the range of 
the charts, and the critical properties 
of atomic hydrogen, atomic oxygen, 
and hydroxy are not known. Therefore 
the average compressibility factor of 
the burned mixture was assumed to be 
that of molecular oxygen and water, 


which was roughly 1.1 under the final | 


conditions. Since the deviation of the 
other four components from ideality 
is probably less than that of molecular 
oxygen and water, a maximum error 
of —10% was attributed to the use of 
a compressibility factor of unity. The 
other property errors were similarly 
approximated. 

The resulting negative errors in the 
computed velocity were found to total 
9.3% and the positive errors to total 
8.9%, yielding a net error of only 
—0.4%. In this case errors in some 
properties yield an appreciable error 
in detonation velocity, but the total 
positive and negative errors very nearly 
cancel. The detonation velocity is most 
sensitive to errors in the sensible 
enthalpies and fugacity coefficients and 
is quite insensitive to errors in the 
compressibility-factor and heat-capac- 
ity ratios. The estimated net error is 
very dependent on the arbitrary error 
attributed to the individual properties. 
For example the fractional errors in the 
fugacity coefficients of molecular hydro- 
gen and hydroxyl were assumed to be 
—15%. Had they been assumed to be 
—10%, the net error in the theoretical 
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detonation velocity would have been 
—2.3% instead of —0.4%. For lower 
pressures and for product gases con- 
taining less water the error introduced 
by idealized properties would be ex- 
pected to be less than the above esti- 
mate. The details of the error analysis 
are given in reference 6 and have been 
placed on file.* 


RESULTS AND DISCUSSION 


All experimental runs were initiated 
at room temperatures which varied be- 
tween 70° and 80°F. The experimental 
and theoretical results of Moyle, Mor- 
rison, and Churchill (18) indicate that 
this small variation has a negligible 
effect on the detonation characteristics. 


MANUALLY OPERATED 

REMOTELY OPERATED 

NEEOLE VALVE 

CHECK VALVE 


PRESSURE GAGE 


SAMPLING BOTTLE 


PRESSUI 


\— VACUUM TRAP 


Fig. 1. Experimental apparatus. 


Data were taken at initial pressures of 
14.4, 25, 50, 100, 500, and 1,000 Ib./ 
sq. in. abs. Velocities at each of these 
pressures were measured for mixtures 
having nominal mole fractions of mo- 
lecular hydrogen of 0.4, 0.5, 0.6, 0.667, 
0.75, and 0.8. Because of the method 
of charging it was difficult to obtain 
mixtures having the exact compositions 
mentioned above. Only after the meas- 
urements were made and the mixtures 
analyzed were the initial compositions 
known. 

In order to obtain plots at constant 
composition the experimental velocities 
were first plotted vs. mole fraction of 
hydrogen at the various initial pres- 
sures (Figure 3), and the experimental 
points were corrected for their devia- 
tion from the nominal hydrogen frac- 
tion by translation parallel to curves 
drawn through the raw data. Then the 
velocity could be plotted vs. initial 


® See footnote on page 501. 
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pressure at discrete mole fractions of 
hydrogen. With this method, as op- 
posed to cross plotting, the identity of 
the individual points is preserved. Since 
the deviations of the actual mole frac- 
tions from the nominal values were 
small and the slopes of the original 
curves were fairly constant, the uncer- 
tainty introduced i translation of the 
points was very slight. As the mole 
fraction of hydfogen approaches the 
limiting rich and lean values for which 
detonation will occur, the detonation 
velocity is known to fall off sharply 
from the almost linear dependence on 
composition indicated in Figure 3, and 
these curves should not be extrapolated. 

The theoretical velocities correspond 
to those which would be measured in 
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Fig. 2. Equilibrium compositions for a stoichi- 
ometric mixture of hydrogen and oxygen. 


a tube of infinite diameter. Therefore 
in order to compare theoretical and ex- 
perimental velocities it is necessary to 
correct the experimental measurements 
for the effect of a finite tube diameter. 
Fay (5) has recently presented a theo- 
retical explanation for the observation 
of Kistiakowsky and Zinman (14) and 
Moyle, Morrison, and Churchill (18) 
that a plot of detonation velocity vs. 
the reciprocal of tube diameter results 
in a straight line. Furthermore Fay in- 
dicates that the velocity deficiency due 
to wall effects should be inversely pro- 
portional to the initial pressure. 

The measured velocities in feet per 
second were therefore corrected by 
adding 30/DP, where D is the diam- 
eter in inches, P is the pressures in 
atmospheres, and 30 is an empirical co- 
efficient in ft./(sec.) (atm.) (in.) taken 
from the correlation of Moyle, Morri- 
son, and Churchill for the effect of 
tube diameter in various hydrogen- 
oxygen mixtures at atmospheric pres- 
sure. This correction varied from 60 
ft./sec. at atmospheric pressure to 0.9 
ft./sec. at 1,000 Ib./sq. in. abs. For the 
leanest mixture (40% molecular hy- 
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drogen) these values correspond to less 
than 1% and less than 0.013%, re- 
spectively, of the measured velocity 
and hence are negligible for practical 
purposes. The original and corrected 
data are on file.* 

The theoretical and corrected ex- 
perimental relationships between det- 
onation velocity and initial pressure at 
various initial mixture compositions 
are presented in Figures 4 and 5. An 
inspection of these figures and of the 
plot of the original experimental data 
(Figure 3) indicates that the experi- 
mental scatter is less than 2% except 
for hydrogen-rich mixtures at low 
pressure. Experimental consistency was 
not attainable for 0.75 and 0.80 mole 
fraction hydrogen at 14.5 and 25 Ib./ 
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Fig. 3. Experimental detonation velocities. 


sq. in. abs. initial pressure. The most 
probable explanation is that stable det- 
onation did not consistently develop in 
the alloted distance between the ignitor 
wire and the first probe (58 in.) for 
these rich mixtures at low pressure. As 
the initial pressure was increased to 
50 lb./sq. in. abs. and beyond, re- 
producible data were obtained even 
for the richest mixtures. 

At low pressure the experimental 
velocities lie slightly below the theo- 
retical curves. This discrepancy is 
probably due to oversimplifications in 
the elementary theoretical model, such 
as the assumption of a planar discon- 
tinuity and chemical equilibrium. 

At 1,000 Ib./sq. in. abs. the averages 
of the various groups of experimental 
points are about 2% above the theo- 
retical curves. These deviations are 
probably due to the use of idealized 
properties for the computed curves. At 
high pressure imperfections in the ele- 
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mentary theory are probably masked 
by the greater effect of nonideality. 
Furthermore equilibrium is probably 
more closely approached at the high 
pressure because of the shorter mean 
free path for chemically productive 
collisions. 

The computed ratios of detonation 


and impact pressures to the initial’ 


pressures are plotted vs. initial pres- 
sure in Figure 6. The ratio of pressures 
across the detonation wave in a stoi- 
chiometric mixture increases only from 
17.7 to 21.6 as the initial pressure is 
increased from 8.29 to 1,362 Ib./sq. in. 
abs. The ratio of pressures across the 
reflected wave is almost independent 
of initial composition and initial pres- 
sure and averages about 2.5. The ratio 
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Fig. 4. Comparison of computed and corrected 
experimental detonation velocities, high-pres- 
sure range. 


of impact to initial pressure in a stoi- 
chiometric mixture increases from 43 
to 53 over the above range of initial 
pressure. The absolute values of the 
computed detonation and impact pres- 
sures for a stoichiometric mixture at an 
initial pressure of 1,367 Ib./sq. in. abs. 
are thus 29, 390, and 72,260 Ib./sq. 
in. abs. Even higher ratios and _pres- 
sures are obtained if the initial tem- 
perature is lowered (18). 

Luker, McGill, and Adler (17) com- 
puted detonation characteristics for the 
stoichiometric mixture only, over the 
same range of pressures, assuming the 
ideal gas law for the final mixture but 
correcting the initial density for non- 
ideality. In addition their calculations 
allowed for a new equilibrium compo- 
sition behind the reflected wave. Their 
computed wave velocities agree within 
0.5% with those computed in this in- 
vestigation. However their computed 
detonation and reflected pressure ratios 
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are seen in Figure 6 to be 10% lower 
than those of this investigation at the 
highest initial pressures. The differ- 
ences in the computed detonation pres- 
sures are apparently due to the correc- 
tion of the initial density for nonideal- 
ity. The differences in the computed 
impact pressures are due to the al- 
lowance for change in composition 
across the reflected wave as well as to 
the correction in the initial density. 
Taking into account nonideality at both 
the initial and final conditions may re- 
sult in a smaller net correction than 
taking into account nonideality in the 
initial density only. Hence the relative 
reliability of the two estimates of de- 
veloped pressure cannot be resolved 
until high pressure fugacities and den- 
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Fig. 5. Comparison of computed and corrected 
experimental detonation velocities, low-pres- 
sure range. 


sities are available and are incorporated 
in the computations. The discrepancies 
do establish however that the com- 
puted pressures are more sensitive than 
the computed wave velocity to errors 
in the physical properties and to over- 
simplifications in the theoretical model. 

The excellent agreement between the 
measured and computed detonation 
velocities for a wide range of tempera- 
tures, pressures, and compositions indi- 
cates that the simplified theory of det- 
onation used herein is adequate for the 
computation of velocity. Experimental 
data to test the computed detonation 
and impact pressures are very difficult 
to obtain, and reliable values are not 
yet available for even ambient condi- 
tions. Transient effects (1, 7) and 
multiple reflections must also be con- 
sidered if the failure of process equip- 
ment due to a detonation is to be pre- 
dicted. Nevertheless the computed det- 
onation and impact pressures are a 


A.I.Ch.E. Journal 


first-order guide to the design of equip- 
ment in which a detonation could oc- 
cur. Luker and Leibson (16) have in- 
deed shown that the computed reflected 
pressure for conditions under which a 
rupture disk failed under detonation 
bears a constant ratio slightly greater 
than unity to the rated static bursting 
pressure, indicating that use of impact 
pressures for design is conservative. 


DESTRUCTION OF EXPERIMENTAL 
EQUIPMENT 


It was originally intended to extend 
the experiments to initial pressures of 
10,000 Ib./sq. in. abs. However as a 
mixture of 80% molecular hydrogen 
and 20% molecular oxygen was being 
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Fig. 6. Computed ratios of detonation and 
impact pressures to initial pressure. 


compressed for a test at 4,000 Ib./sq. 
in. abs., an unintended detonation oc- 
curred at 3,500 lb./sq. in. abs. The 
auxiliaries, which were all isolated from 
the detonation tube during controlled 
detonations and which were not de- 
signed for such a pressure, were de- 
stroyed. The detonation tube itself, 
which was designed for such pressures, 
was undamaged. The cause of this 
detonation is unknown. This accident 
suggests caution in future work with 
hydrogen-oxygen mixtures at high 
pressures. 


CONCLUSIONS 


This investigation indicates that vel- 
ocities computed from the highly ideal- 
ized theory of detonation are in reason- 
able agreement with experimental 
values throughout an extensive pres- 
sure range from 14.4 to 1,000 Ib./sq. 
in. abs. for hydrogen-oxygen mixtures 
containing 40 to 80 mole % molecular 


hydrogen. 
At the lower pressures the slight 
disagreement between experimental 
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and predicted velocities is probably 
due to oversimplifications in the theo- 
yetical model. Inconsistencies in the 
experimental data for the lowest pres- 
sures and richest mixtures are probably 
due to insufficient distance for wave 
development. 

At higher pressures the slight dis- 
agreement can be rationalized in terms 
of the idealized properties necessarily 
used in the computations. The effects 
of errors in the different properties 
tend to cancel, leaving a small net 
error in the predicted velocity. 

An important consideration for de- 
sign purposes is the pressure realized 
when a detonation occurs. The com- 
puted ratios of the detonation and im- 
pact pressures to the initial pressure 
are about 20 and 50, respectively, for 
the conditions investigated. 
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A Scintillation Method for Determining 
Liquid - Liquid Interfacial Areas 


GEORGE J. MITSIS, RICHARD R. PLEBUCH, and KENNETH F. GORDON 
The University of Michigan, Ann Arbor, Michigan 


In stirred beakers the interfacial area between xylene containing a scintillator and tritiated 
water was measured as a function of stirrer speed by a scintillation counting technique. Because 
of the 6 « average range of the tritium betas the rate at which flashes are detected by a 
phototube is a function of the interfacial area. A calibration curve of count rate against known 
interfacial area for unstirred phases in containers of various diameters gave a numerical estimate 


of the interfacial area for ten configurations. 


Data for mass transfer between dis- 
persed phases in equipment such as 
extractors, distillation columns, and 
sprayers can be correlated on the basis 
of equations of the form 
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W = Ka(f.—fw) = ka(e——me~) (1) 
Because of the difficulty of obtaining 


interfacial areas it is usual not to at- 
tempt to separate k and a, obtaining 
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values for each, but rather to correlate 
ka. Measurements of the interfacial area 
should contribute to a further under- 
standing of mass transfer. 

Interfacial areas have been measured 
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Light- Tight 


Container Stirrer 
| Source and Detector 
Magnetic 
Shield Electron Phototube (2) 
High Non-Over- Pulse Count 
Voltage loading (4: Height | | Rate |] Scaler 
Supply |_| |_| Analyzer [~=] Meter 
(1) (5) (6) (7) 
Pre-Amplifier 
(3) 
(1) Nuclear Instrument & Chemical! Corp. (5) Radiation Control Lab, Model 2204 
Model !72 
(2) Dumont 6363 (6) Radiation Control Lab, Model {5 
(3) Modified A-I-A (7) Radiation Control Lab, Model 2006 


(4) Baird Atomics D-D-1! Model 215 


Fig. 1. Detection and counting system. 


previously by light-transmittance tech- 
niques (7, 8). The absorptivity of light 
in a highly agitated two-phase system 
was calibrated with the volumetric 
interfacial area by estimating the num- 
ber and size of drops in photographs. 
Light transmittance has also been used 
to measure froth densities on a bubble- 
cap plate (3). 

The possibility of using short range 
radioactive particles for measuring 
interfacial areas was first investigated 
at the Oak Ridge National Laboratory 
(6). Here a radioisotope emitting short- 
range particles was contacted with an 
immiscible phase capable of interacting 
with the particles. Because of the short 
range of the particles interaction was 
restricted to the region close to the 
interface. Thus the product of the inter- 
action (such as new chemical species 
or radiation) will be approximately 
proportional to the interfacial area. 
Preliminary investigations with tetra- 
chloroethylene and alpha particles from 
polonium-210 gave inconclusive results 
due to low yields of chlorine. Consid- 
erable improvement resulted at Oak 
Ridge when a fluorocarbon was sub- 
stituted as the target phase and the 
neutrons produced from the nuclear 
interaction between the alpha particles 
and fluorine were detected (2). This 
general technique for measuring inter- 
facial areas is limited by the necessity 
of high immiscibility between the 
phases as well as the availability of 
suitable isotope and target materials. 
The system used in the present study 
was tritiated water and xylene with 
scintillator. It satisfies both the require- 
ment of immiscibility between the 
phases and of having a short particle 
range. In contrast to previous tech- 
niques it has a negligible health hazard. 
A good introduction to recent scintil- 
lation techniques may be found in a 
collection of papers edited by Bel! and 
Hayes (1). 
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The scintillator consisted of 4 g./ 
liter of 2, 5-diphenyloxazole with 0.05 
g./liter of POPOP; 1, 4 bis-2-(5-phen- 
yloxozolyl)-benzene, as wave length 
shifter, to bring the photon spectrum 
closer to the maximum photo tube 
response, and 0.01 g./liter of NPO; 2- 
(1-naphthyl)-5-phenyloxazole for a 
light restorer. 


EQUIPMENT 


Vessels and Stirrers 

For the stirring studies and the calibra- 
tion of count rate against interfacial area 
five beakers were used with nominal 
diameters of 1, 2, 3, 5, and 7 in. The 
beakers were 7 in. high except for the 7- 
in. diameter one which was 6 in. high. 
Shell vials 8 to 36 mm. in diameter were 
also used. The floors of the beakers were 
ground flat, and the walls were given a 
reflective coating of alpha-alumina while 
the vials were untreated. The 7-in. diame- 
ter beaker had four removable brass baf- 
fles each of beaker height and of width 
equal to one tenth of that of the beaker. 


Detection and Counting Systems 


Detection and counting of scintillations 
were accomplished by the single channel 
analyzer arrangement shown as a_ block 
diagram in Figure 1. A complete descrip- 
tion of each component and its method of 
use as well as the precautions that were 
taken is given elsewhere (4). The photo- 
tube had a photo-sensitive surface of a 
2.5-in. diameter circle. The calibration of 
the detection equipment indicated that a 
high voltage setting of 1,110 v. and a 


pulse height of 60 on the E Dial of the 
single-channel analyzer gave the maxi- 
mum ratio of tritium count rate to back- 
ground. The setting was used up to a 
count rate of 37,000 c.p.s. Above this the 
E dial setting was changed to a pulse 
height of 150 reducing the count rate by 
more than an order of magnitude prevent- 
ing counting difficulties. The relationship 
between the two dial settings was estab- 
lished by direct calibration. While im- 
provements could be made, such as reduc- 
ing the noise by cooling the circuit and 
using a coincidence counter, the present 
method was quite adequate to demon- 
strate the technique. 


EXPERIMENTAL 


To test the equipment and settings 
the count rate as a function of the 
specific activity of the tritiated water 
was determined in a shell vial. When 
plotted on log-log paper the points fell 
within 10% of a straight line of unit 
slope from 118 counts/sec. at 0.01 me./ 
ml. and 11,800 counts/sec. at 1 mce./ 
ml. The background plus noise count 
rate was 47 to 120 counts/sec. giving 
deviating points below 0.01 mce./ml. 
The specific activity used for the stir- 
ring results was 0.1 mc./ml. where the 
background and noise correction was 
relatively low. 


Calibration of Interfacial Area 

A calibration curve of the count rate 
in beakers as a function of interfacial 
area was obtained by contacting the 
tritium and scintillator in beakers of 
various cross sections. They had walls 
coated with alpha-alumina polishing 
powder as a diffuse reflector and flat 
ground bottoms which were optically 
coupled to the photocathode with sili- 
cone. The interface was a constant dis- 


tance of 2 in. from the bottom in order : 


to eliminate the effect of liquid level. 
Background measurements, with pure 
water substituted for tritiated water, 
were made before and after each run. 
The count rate increases to a maximum 
as the scintillator and tritium equilib- 
rate between the phases. To insure 
that only counts originating at the 
interface were measured the count 
rates were taken immediately after the 
two liquids were contacted. 

In Figure 2 it is seen that the count 
rate results for the two beakers smaller 
and one slightly larger than the photo- 


TABLE 1. PROPELLER DIMENSIONS 


Number Type 
Horizontal blade 
Horizontal blade 
Horizontal blade 
Vertical blade 
Vertical blade 


ok 


A.1.Ch.E. Journal 


1. 


Shaft 


dimensions ( in.) 


Blade 


dimensions (in. ) 


2x 0.5 x 0.025 0.25 x 14 
3.1 x 0.75 x 0.065 ° 0.375 x 14 
15 x 0.286 x 0.020 0.130 x 14 
3.1 * 0.065 x 0.75 0.375 x 14 
15 x 0.020 x 0.286 0.130 x 14 
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Fig. 2. Variation of count rate with interfacial area. 


cathode fall on a straight line on log- 
log paper, while there is a definite ef- 
fect of the geometry of the two beakers 
which were much larger than the 
photocathode. To establish conclusively 
that there was a direct dependence of 
counting rate on interfacial area a 
series of runs was made in uncoated 
vials with unground bottoms with the 
interface % in. above the bottom of 
the vials. Because of the effect of 
height of interface on the count rate, 
the rate for the vials has been put on 
the basis of that for the beakers with an 
interface at 2 in., as discussed below. 
The results are then plotted in Figure 2. 

It is to be expected that the two 
beakers larger than the photocathode 
would give a lower number of counts 
per unit area than the smaller beakers. 
In the case of the large beakers the 
fraction of photons detected by the 
photocathode is reduced because of its 
smaller relative size. The result is that 
a smaller number of pulses are counted. 

The effect of contamination of each 
phase by the other was determined by 
observing the difference between the 
initial count rate and that after steady 
state had been obtained as the scintil- 
lator and tritium equilibrate between 
the phases. The differences were with- 
in 5% of a straight line on log-log 
paper between 38.3 counts/sec. at 5.5 
sq. cm. interfacial area and 1,210 
counts/sec. at 112 sq. cm., with that 
for the largest beaker, 270 sq. cm., 
falling well below the line. 

To determine the effect of liquid 
height a sample of used xylene and 
scintillator, contaminated with tritium, 
was placed in a 3-in. beaker and the 
count rate taken. Successive portions 
of pure water were added to raise the 
interface, and the count rate was meas- 
ured after each addition. The ratio of 
count rate to that with the interface at 
the floor of the beaker is given in Fig- 
ure 3. The count rate fell off approxi- 
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mately exponentially with increasing 
distance between the interface and the 
beaker floor. These results allowed a 
direct comparison of the calibration 
from the shell vials at a %4-in. level 
with the beakers at a 2-in. level inter- 
face as shown in Figure 2, where the 
data are all on the basis of a 2-in. level. 
The count rate for the %-in. level was 
multiplied by the ratio of the normal- 
ized count rates for 2-in. and %-in. 
levels, 0.055/0.482. 

Because of the need for conserving 
tritium the more direct method of cali- 
bration with tritium and fresh scintil- 
lator was not used. In this determina- 
tion some scintillations originated in 
the scintillator phase as well as at the 
interface, but as can be shown the 
normalized exponential curve will be 
the same as when all the scintillations 
originate at the interface. This is be- 
cause below the xylene-water interface 
all photons will behave in the same 
manner independently of their place 
of origin. 

Mixing Results 

In the various combinations of 
beakers, propellers, and baffles the 
count rate was obtained as a function 
of stirrer speed yielding results such as 
those given in Figure 4. Tables 1 and 2 
give the dimensions and combinations 
of stirrers and beakers used. Repro- 
ducibility was good with count rates 
obtained by increasing the stirrer speed 
agreeing well with those obtained by 
decreasing the speed. 


LIQUID LEVEL 


Fig. 3. Effect of interface level on count rate. 


Each plot obtained may be divided 
into three distinct regions. Initially 
there is a gradual increase in surface 
area as the slowly rotating propeller 
caused waves. As the interface is 
broken the area and count rate in- 
creases rapidly over a narrow range of 
stirrer speed. In the third region the 
dispersion is relatively homogeneous 
with the main effect being a decrease 
in droplet size with possibly some dis- 
tortion. 


CALCULATION 


The effects of liquid height, inser- 
tion of propeller, and mutual contami- 
nation of the phases were observed to 
change the count rate considerably, 
and appropriate corrections were re- 
quired. 

Because the detected count rate is a 
strong function of the height from 
where the counts are originating, al- 
lowance must be made for the varia- 
tion of efficiency of detection with 
position in beaker. The data of Figure 
3 are used under the assumption that 
in the experiment the true time-aver- 
age interaction or scintillation rate per 
unit volume of stirred beaker is con- 
stant; that is the system is homogenous. 
From the figure it is seen that for a 
given interaction rate the interactions 
arising near the floor of the beaker will 
contribute a unit count rate, while 
those 2 in. up will contribute a count 
rate of only 0.055 on the same scale. 
Integrating the data of Figure 3 over 


TABLE 2. IDENTIFICATION OF RUNS 


Unbaffled Baffled 

Run number 1 2 3 5 6 7 8 9 10 
Beaker diam.,in. 2.73 2.73 2.73 2.9 4.7 7.3 13 4a 88 7.3 

Propeller number — 1 3 5 l 1 2 4 2 4 
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Fig. 4. Typical stirring curve. 


the whole volume one can make an 
allowance for the detection efficiency. 

The mean normalized count rate is 
the ratio of the count rate actually ob- 
served to that which would be observed 
if there were no attenuation of the 
scintillations between the height where 
they originate and the beaker floor. It 
is given by 


) feC/C, do 
& C/C, Adh 
Ah 
Cc dh 
: = 0.153 (2) 


h 


For the liquid levels of % or 2 in. 
used in the count rates vs. interfacial 
area calibration the product of the de- 
tection efficiency at the floor of the 


beaker and the true interaction or 
scintillation rate through the entire 
volume can be obtained from the ob- 
served interaction rate. It will be noted 
that EN = C,: 


Cys in. 
(C/C,) 1/2 in. 
(3) 


Calibration curves at both levels can 
then be placed on the same basis, say 
2 in., as in Figure 3. When the system 
is stirred so as to be homogeneous and 
there is no blocking by the propeller 
being between a scintillation and _ the 
phototube, the count rate for the whole 
beaker is given by 


C, = EN = - = 
(C/C,) «10. 


Cc 
C/C, 


(4) 


Not all of the count rate was due to 
scintillations rising at the interface, 
Some scintillations arose in the bulk 
phases because of equilibration of the 
tritium and the scintillator between 
the phases. An allowance for these 
two effects had to be made. The al- 
lowance was obtained by subtracting 
the count rate at 0 rev./min., with the 
propeller present and after operation 
and contamination, from the value ob- 
tained during calibration with fresh 
samples of scintillator and tritiated 
water where there was neither con- 
tamination nor propeller present. This 
correction was 38 to 69% at 0 rev./ 
min. decreasing with increasing stirrer 
speed and count rate to only 0.5% at 


higher stirrer speeds, thus becoming | 


negligible in the main region of interest. 


At low stirrer speeds where the 
interface is wavy but yet essentially at 
a level of 2 in. the count rate yields 
the interfacial area directly from Fig- 
ure 2, after first correcting for contami- 
nation of the phases and blocking due 
to the propeller, by subtracting a con- 
stant from the observed count rates. 

With a high stirrer speed the con- 
tents of the beaker were homogeneous. 
The interfacial area was calculated by 
first subtracting the constant from the 
count rate to correct for contamination 
and blocking. This correction of about 
0.5% is not of high accuracy because 
of the differing effect of the propeller 
yet is quite satisfactory having no ap- 
preciable effect on the results. The 
resulting count rate is that observed 
from scintillations arising throughout 
the whole beaker; yet the calibration 
curve, Figure 2, is for those arising at 
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Fig 5a. Experimental values for interfacial area in stirred 


beaker. 
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Fig. 5b. Experimental values for interfacial area in stirred 


beaker. 
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Fig. 6. Interfacial area per unit volume in stirred beakers. 


a 2-in. level, C.i,,. Equation (2) gives 
the rate if there were no attenuation 
C, by division by 0.153. The count 
rate must now be put on the basis of 
that which would be detected if the 
scintillations had all originated at 2 in., 
the height of the interface for the cali- 
bration curve. This is done by multiply- 
ing by (C/C,)sin. which is 0.055 from 
Figure 3. The interfacial area can be 
read directly from Figure 2 with the 
resulting count rate used. This assumes 
that the attenuation through the xylene 
mixture is the same as that through 
water, a matter on which we do not 
have any information. 

The interfacial area for high and low 
speeds is readily calculated as described 
above. To obtain the interfacial area 
at intermediate speeds it is noted that 
in the region ot intermediate stirrer 
speeds the plot of count rate against 
stirrer speed is smooth on semi-log 
paper. As the interfacial area is ap- 
proximately proportional to the count 
rate, the interfacial area for the region 
was drawn as a smooth line between 
the curves calculated for high and low 
stirrer speeds. 

From the curves for the ten runs 
shown in Figure 5 it can be seen that 
the interfacial area is increased fifteen 
to fortyfold by stirring. From the iden- 
tifying run number in Figures 5a and 
5b and Table 2 the effect of various 
combinations of propellors, baffles, and 
beakers can be seen. While baffles may 
affect the critical speed where the 
interface breaks up, it does not seem 
to affect the final area greatly. The 
breakup of the interface could just as 
well be determined visually, for the 
speed at which it was observed to oc- 
cur coincided with the rapid increase 
in count rate. Increasing the size of the 
stirrer does not seem to affect the be- 
ginning of the critical or intermediate 
region, but it does decrease the speed 
range it covers without changing the 
final interfacial area greatly. 
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From a mass transfer viewpoint the 
interfacial area per unit volume is of 
more interest than the interfacial area 
alone, for it relates to the efficiency of 
utilization of the beaker volume. This 
is shown in Figure 6, where it is seen 
that stirring increases interfacial area 
per unit volume fifteen to fortyfold. 
For the combination of beakers, baffles, 
and stirrers employed, the plateauing 
of the interfacial area occurred over a 
fivefold range of speed. As would be 
expected the vertical blades are better 
than horizontal ones. It is to be remem- 
bered that all the stirring results are 
for beakers filled to the same depth, 
2 in. of water and 2 in. of xylene. No 
attempt was made to optimize the 
stirrer and baflles, for the sole aim was 
to demonstrate a new technique. Fur- 
ther work might include the determin- 
ation of the attenuation, Figures 3, for 
mixed phases, various beakers, and a 
confirmation of the resulting experi- 
mental area by other techniques. 


CONCLUSIONS 


Interfacial areas in stirred vessels 
can be estimated by a scintillation 
technique without undue radiation 
hazards. The method is not expensive 
in expended materials, but the capital 
cost of the photodetection and count- 
ing circuits is high. 

It is hoped that this method might 
prove to be a useful tool for the meas- 
urement of interfacial areas. This tech- 
nique could be used in certain systems 
in which mass is being transferred. 
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NOTATION 


cross-sectional area of beaker 
interfacial area per unit vol- 
ume 

observed count rate due to 
volume or interfacial area ele- 
ment at height h above beaker 
floor 

count rate that would be ob- 
served if volume or interfacial 
area element were at beaker 
floor 


observed count rate due to 
interactions throughout the 
whole beaker 

concentration 

detection efficiency for scintil- 
lations arising on floor of 
beaker 

fugacity 

height above beaker floor 
mass transfer coefficient based 
on fugacity driving force 

mass transfer coefficient based 
on concentration driving force 
distribution coefficient 

number of interactions occur- 
ring per unit time throughout 
the entire beaker volume 
number of interactions occur- 
ring per unit time per unit 
thickness of contaminated scin- 
tillator 

- volume of liquid phases in 
beaker 

mass transfer rate 


Subscripts 


Ss = solvent or xylene phase 
w = water phase 
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Heat Transfer and Kinetics in a 


Catalyst Bed of Rectangular Cross Section: 


Air udlation of Nitric Oxide with Silica Gel 


J. H. JAFFER, JR., and HARDING BLISS 


Yale University, New Haven, Connecticut 


The results of an investigation of heat transfer and reaction kinetics in a fixed-bed catalytic 
reactor of slab geometry are described. The particular reaction studied is the air oxidation of 
nitric oxide with silica gel. Conversions and catalyst-bed temperatures were observed in the 
experimental, nonisothermal slab reactor, but only a sample of these data are reported and 


analyzed here. 


A mathematical analysis of the processes occurring in a slab reactor has been developed which 
leads to a design method for such reactors that permits prediction of catalyst-bed temperatures 
and conversions from a knowledge of specific reaction rates and the physical properties of the 
system. The design method involves a step-by-step procedure but requires a small number of 
steps. To evaluate the accuracy of the design method and to illustrate its use, the specific 
reaction-rate data together with published thermal-conductivity data have been used with the 
method to predict the results of a run on the experimental nonisothermal reactor. Good agree- 
ment between calculated and observed temperatures and conversions was obtained. 

Specific reaction rates, derived from integral conversions in an experimental, isothermal 


reactor, are reported. 


The studies of heat transfer in cata- 
lytic converters made in recent years 
have advanced remarkably our know]l- 
edge of this important problem in 
chemical engineering design. For the 
most part these studies have been con- 
fined to cylindrical beds, but there are 
certain advantages to converters of 
other shapes; for example, a slab bed 
(one of rectangular cross section with 
heat transfer through two opposite 
sides) may be enlarged greatly in an 
area without increasing the distance 
through which heat must flow, and also 
the mathematical analysis is somewhat 
simpler than for cylindrical converters. 
The purpose of this work was, there- 
fore, the study of heat transfer and 
kinetics in a catalyst bed of rectangular 
cross section. The particular reaction, 
the air oxidation of nitric oxide with 
silica gel, was selected because the 
analysis was relatively easy and be- 
cause a wide variation in reaction rates 
throughout the converter was antici- 
pated. The second reason constitutes a 
severe test of theory and experiment. 

Since conditions for the slab bed 
required operating in a range of tem- 
perature at which isothermal-rate data 
for this catalytic reaction were not 
available, and since the catalyst could 


J. H. Jaffer, Jr., is with Esso Research and En- 
gineering Company, Linden, New Jersey. 


Page 510 


not be assumed to be identical to that 
of previous investigations, it was neces- 
sary to measure such rates as well. 


RANGE OF VARIABLES 


For the runs in the slab bed the fol- 
lowing were studied: 

Entering gas temperatures: 81° to 
136°C. 
Air flow rates: 0.029 to 0.125 
g. moles air/(sq. cm.) (min.) 
Mole fraction nitric oxide in feed: 
0.022 to 0.152 


The temperature of the coolant for 
removal of the heat of reaction was 
close to that of the entering gas. The 
extent of conversion of nitric oxide was 
42 to 82%. 

The catalyst used was refrigeration- 
grade silica gel, 14 to 20 mesh, with a 
density of 0.680 g./ce. 


APPARATUS, ANALYSES, AND 
PROCEDURE 


Reactor System 

Nitric oxide was generated continuously 
by the reaction of sodium nitrite with 
sulfuric acid, and air was supplied by a 
compressor. The reactant streams were 
separately purified by passage through 
silica gel and measured with calibrated 
orifice meters before being mixed in a tee 
upstream of the reactor. The air stream 
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was also separately preheated approxi- 
mately to the reactor coolant temperature 
in an electrically heated section of pipe. 
The flow rate of each stream was controlled 
with a globe valve. 

Suitable thermocouples and manometers 
were provided so that temperatures and 
pressures were known at the orifices and 
at the entrance to the reactor. The con- 
trolled flow rates determined the composi- 
tion of the gases entering the converter; no 
independent analyses for nitric oxide were 
made. 


Reactor 

The reactor (Figure 1) was constructed 
of two standard 8-in. aluminum structural 
channels with their plane surfaces op- 
posed, spaced by two stainless steel bars. 
The web thickness of the channels was 
only 0.51 cm. to promote heat transfer 
through the walls. The stainless steel bars 
were 5.1 cm. in vertical dimension to min- 
imize heat flow in this direction. Asbestos 
gaskets coated with gasket cement were 
placed between the channels and the bars, 
and the assembly was bolted together 
tightly. The resulting rectangular cross 
section for the catalyst was 2.26 cm. wide 
and 10.2 cm. high. The length was 91.5 
cm., with the catalyst occupying the space 
between 17.6 and 74.0 cm. from the 
entrance. The spaces before and after the 
catalyst were empty. Since the position of 
the assembly was -horizontal, the catalyst 
was held in place by screens. Total cata- 
lyst weight was 885 g. 

Thermocouples were provided through- 
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out the bed to permit measurement of 
lateral temperature gradients at several 
longitudinal positions. The measurement 
should lie between the gas and _ solids 
temperatures, but the difference between 
these cannot be great under the conditions 
used here (later shown to be less than 
1°C.). The couples were introduced 
through stainless steel, high-pressure tubing 
soldered into %-in. holes drilled in the 
top bar. Small stuffing boxes at the tops 
of these tubes prevented leakage of the 
gas where the wires entered. The couples 
were located in the bed with special sup- 
ports to assure that movement was prac- 
tically impossible and that the lead wires 
lay in straight, vertical (isothermal) paths. 

Thermocouples were carefully located 
at the center of the catalyst and 0.40 and 
0.80 cm. out from the center in a lateral 
direction. The lateral gradient thus meas- 
ured was observed with such _ thermo- 
couples at axial positions 3.1, 18.1, 31.8, 
and 48.3 cm. along the catalyst for the 
first forty runs. Subsequent runs all were 
the same except that the 18.1 position be- 
came 18.8 cm. 

The whole reactor was mounted in a 
steel shell which contained the coolant. 
Water, a calcium chloride brine boiling at 
about 119°C., and another boiling at about 
132°C. were used as coolants. The cool- 
ants were boiled slowly in the reactor shell 
by heat from the reactor and from two im- 
mersion heaters controlled with variable 
autotransformers. 

The catalyst was charged to the reactor 
with care to insure accurate thermocouple 
positioning and to eliminate the possibility 
of subsequent catalyst-bed shrinkage. 


Analyses 


Continuous analysis of the reactor ef- 
fluent for nitrogen dioxide was accom- 
plished photometrically, advantage being 
taken of the ability of the compound to 
absorb blue light. Calibration of the 
photometer was accomplished by passing 
known mixtures of nitrogen dioxide and 
air through the apparatus, the calibra- 
tions taking the form of plots of nitrogen- 
dioxide concentration vs. instrument read- 


ing. Allowance for nitrogen tetroxide, 
present in equilibrium with nitrogen 
dioxide in appreciable quantity at room 


temperature, was made by calculation 
based on published equilibrium constants 
(5) and the fact that nitrogen tetroxide is 
transparent to blue light. A standardizing 
procedure was employed to eliminate drift. 


Procedure 

The catalyst was activated by passing a 
slow stream of dry air through the bed for 
2 hr. while the catalyst temperature was 
maintained at 130°C. The effluent air was 
cooled in a glass tube immersed in a salt- 
ice bath, and no condensation was ob- 
served after this 2-hr period. 

Prior to each day’s runs fresh silica gel 
was charged to the reactant purifiers, the 
system was checked for gas leakage, re- 
actant supply circuits were carefully 
purged, and the coolant was brought to 
the desired temperature. Air and_ nitric 
oxide flows were then begun and adjusted 
to the desired rates. When steady state 
behavior was obtained, the following read- 
ings were made: 
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TABLE 1. REPRESENTATIVE Data, Run C-3 


100°C. 
100°C. 


Gas inlet temperature 
Coolant temperature 
Wa 


y’xo 0.1215 


0.61 


Pressure (before catalyst ) 
Pressure (after catalyst ) 
Bed temperatures, °C. 


x=0 
y= 3.lcm. 122 
y = 18.1 cm. 141 
y = 31.8 cm. 139 
y = 48.3 cm. 130 


1. Photometer: gas inlet and outlet tem- 
peratures, pressure, instrument settings and 
reading. 

2. Voltages of the twelve thermocouples 
in the catalyst. 

3. Temperature of the gas stream im- 
mediately ahead of the bed. 

4. Pressure in the precatalyst mixing 
space. In the case of those runs with 
boiling-water coolant this measurement was 
made with a separate set of runs without 
other observations. 

5. Air flow rate. 

6. Nitric oxide flow rate. 

7. Ambient temperature and coolant 
temperature. 

A detailed description of the apparatus 
and procedure is given by Jaffer (7). 


SLAB-BED DATA 


Eighty-six runs were made in the 
slab-bed reactor under the conditions 
described earlier. Tne temperature of 
the coolant except in a few cases was 
close to that of the entering gas. 

The data of a representative run are 
given in Table 1. All data are reported 
in detail by Jaffer (7). 

The homogeneous reaction before 
and after the catalyst was minor but 
could not be neglected. It is thus im- 
portant to observe in Table 1 and else- 
where that the following designations 
were made: 

X,: conversion at entrance, 
basically a measured quantity differing 
from zero by a small amount 

X,: conversion at bed exit, a value 
calculated from X; and differing from 
it by a small amount 

X;: conversion measured at photo- 
meter. 

The details of these small corrections 
are given in the appendix. 

The reproducibility of these data 
was established in two ways: simple 
repetition of six runs and repetition 
after disassembly, catalyst removal and 
replacement, and changes in thermo- 
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1.311 atm. 
1.029 atm. 


2.76 g. moles/min. 
0.383 g. moles/min. 


0.00418 moles nitric oxide/unit mass feed 

0.00040 moles nitric-oxide conversion/unit mass feed 

: 0.00242 moles nitric-oxide conversion/unit mass feed 
0.00254 moles nitric-oxide conversion/unit mass feed 


x = 0.40 cm. x = 0.80 cm. 
122 117 
137 121 
135 122 
127 116 


couple vertical position and support 
construction detail for three runs. In 
all nine cases all temperatures were 
within 2°C. of the original (most were 
identical), and conversion was within 
1% of the original. There is thus no 
evidence of loss of catalyst activity or 
movement of thermocouples in the bed. 

The fact that measured catalyst bed 
temperatures were reproducible de- 
spite appreciable changes in vertical 
positioning of several thermocouples 
indicates that relatively little heat was 
transferred through the stainless steel 
bars; that is, slab behavior was closely 
approached. Similarly, no changes re- 
sulted from substantial modifications 
to thermocouple-support design, indi- 
cating that these supports did not af- 
fect temperature measurements. 


INTERPRETATION OF DATA 


For these data the concern is prim- 
arily with solving the differential equa- 
tion describing the problem and with 
using with this solution suitable param- 
eters for the heat transfer and heat 
generation quantities which appear 
therein. It should be noted that all 
mass transfer aspects of this problem 
have been neglected. The geometry is 
shown in Figure 2. 

The heat balance on a differential 
catalyst volume may be written 


eT, oT, 
— Ge, +C,T,+C,=0 


K 
ay 


(1) 


In this equation one assumes neglig- 
ible axial heat conduction; negligible 
solids heats conductivity®; no lateral 
concentration gradients; conduction 


® Singer and Wilhelm (9) have shown that, 
in heat exchangers at least, solid-to-solid con- 
duction is important only for highly conductive 
particles. 
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through the fluid all in one plane, that 
is no correction for the corner; and 
heat generation function linear in the 
solids temperature, that is C, + C,T,. 
The heat balance on the solid phase 
may be written as a simple algebraic 
equation when the solids conductivity 
is neglected: 


C,T, C, h, (T,— = 0 (2) 


This may be solved immediately to 
yield 


C.+h.T, 
T, 8 
(3) 
The boundary conditions are 

T,(x=w,0) = 0 (4) 
oT, 

0.y) =0 5 

(0.y) (5) 

O A fitting O 
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Fig. 1. End view of slab bed converter. 


T,(x=w,y) = (6) 
The solution of this equation with the 
further assumption of constant prop- 
erties is obtained by the Laplace trans- 
form and is 


c 
T+— 
b 
T, = ———- cos x — — 
cos w \/b b 
2(—1)" (Toa? 
n=0 ( =) b—a@ 
( exp : y) (7) 
in which 
Gc, 
a= (n+1/2)—,a= 
w K, 
C,h, C.h, 
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There is no doubt that the use of 
this equation and others like it for 
catalyst beds of other shape, such as 
that used by Singer and Wilhelm (9), 
is most severely impaired by the as- 
sumption that the heat-generation 
function is linear in the solid tempera- 
ture. This assumption is almost never 
a good one for extensive conversions, 
and it is particularly bad for the re- 
action here considered. In most exo- 
thermic reactions the effects of conver- 


- sion and of temperature counter each 


other to a certain extent, at least, and 
so an approximation to a linear de- 
pendence on temperature may be had. 
In this reaction both high temperature 
and conversion decelerate the reaction, 
and the approximation to linearity is 
not good. 

This difficulty can be overcome by 
limiting the application of Equation 
(7) to axial segments of the bed, each 
one of which is short enough to give a 
reasonably good approximation to the 
linearity sought. In practice, as judged 
by the treatment of these runs, the 
number of segments required is not 
large. Three or four should suffice in 
most cases. However, of course, the 
first boundary condition [Equation 
(4)] must be replaced for segments 
other than the first by an approxima- 
tion as follows: 


8 
T,(x<w,0) = B cos peal + y cos = 
2w 2w 
(8) 


in which 8 and y are constants deter- 
mined to fit the gradient of T, at the 
end of the previous segment, which is 
found with Equation (7). This is a 
purely empirical correction, of course, 
and any convenient values of x (such 
as those to give easy reading of the 
cosines) are recommended. It should 
be noted that a discontinuity in T, at 
the wall is permitted in the first set of 
boundary conditions. This discontinu- 
ity can give some difficulty if the value 
of T,, is large with this new boundary 
condition because it would distort the 
gradient. It is thus recommended that 
T. be small, and in the cases applied 
T» was 0. 

This adds two terms to the previous 
equation, and so this final equation 
expressing the behavior of a slab bed is 


n=0 (n 
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b—a’ WX 4w* 
(exp y) y 
+ y cos ac exp 1 (9) 
2Qw a 


in which a, a, b, and c have the same 
meanings as before. This equation ap- 
plies to all segments, even the first, if 
B and y are taken to be zero for this 
one. 

The results of the application of this 
equation to run C-3, the data for which 
are given in Table 2, will be described. 
Since the modified Reynolds number 
for this run is 31, the results of Singer 
and Wilhelm (9) and of Argo and 
Smith (1) lead to an estimate of K, = 
0.0223 cal./(min.) (em.) (°C.) for the 


Fig. 2. Geometry of slab bed converter. 


particle size and flow conditions in- 
volved. The heat transfer studies of 
Baumeister and Bennett (3) lead to an 
estimate for h, of 9.85  cal./(min.) 
(ce.) (°C.), which is consistent with 
the mass transfer studies of Wilke and 
Hougen (12). The value of AH for this 
reaction is —13,562 cal./g. mole nitric 
oxide according to Giauque and Kemp 
(5). This figure, reversed in sign for 
the heat-generation function, was 
taken as constant over the temperature 
range involved. The heat of reaction 
per mole must be multiplied by the 
appropriate rate of reaction (read 
from one of figures in the appendix) to 
yield the heat-generation function. 
This was re-evaluated for each seg- 
ment, and the segments used corre- 
sponded to those used in the experi- 
mental measurements. The details of 
the calculation method are best con- 
sidered as a method of design and will 
be thus described in a subsequent sec- 
tion. The columns in Table 2 headed 
Tove have bearing on the design 
method only, since no such measure- 
ments were made. 

When one considers the complexity 
of the system involved, the results ap- 
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TABLE 2. CALCULATED BEHAVIOR OF RuN C-3 AND 
CoMPARISON WITH MEASURED FicurEs GIVEN IN PARENTHESES* 


Length As- 
Seg- from sumed Cale. Conv. 
ment entry,cm. Toavg % 
l 3.1 113 112.7 16 
2 18.1 132 130 36 
a 31.8 132 129 47 
4 48.3 123 124 55 
End 56.4 123 126 59 
(61) 


T,(x=0) T,(x=0.40) T,(x=0.80) 
115.3 115.1 112.5 
(122) (122) (117) 
142 138 125 
(141) (137) (121) 
141 137 123 
(139) (135) (122) 
138 135 124 
(130) (127) (116) 


*It should be remembered that measured temperatures should lie between To and Ts and thus 


would be expected to be a little higher than the calculated values of T 


og. However the difference be- 


tween Ty and Ts cannot be large under the conditions here considered. A simple consideration of 
Equation (3) with the parameters for the conditions here met indicates that Ts and Tg are about 


1°C. apart at most, 


pear to be good. The conversion re- 
sult is particularly so, although this is 


| not so severe a test as it might first be 


considered, since the reaction is very 
slow at high conversion. 


DESIGN METHOD 


Equations (7) and (9) may be used as 
the basis of a design method for a slab 
reactor in the following sequence. (The 
description is based on an exothermic reac- 
tion.) The rate data for this particular 
case are described in the appendix. 

1. With the specification of all entrance 
conditions, calculate from suitable data the 
reaction rate at the entrance. 

2. Considering only the first axial seg- 
ment, assume (a) an average T,, (b) a 
maximum T,, and (c) the extent of con- 
version for the end of this segment. 

3. Calculate rate of reaction, defined 
by assumed average T, and conversion at 
end of segment. Using average rate (en- 
trance and end), calculate the conversion. 
Repeat 3 and 2(c) until a check is ob- 
tained, 

4. Calculate the heat-generation func- 
tion at entrance and lowest temperature 
and at the exit and highest temperature. 

5. Evaluate C, and C, for the segment. 
Note that this involves T,, which can be 
solved with Equation (3) from the values 
of T,. 

6. Assuming knowledge of the para- 
meters K;, hy, G, and cp, evaluate a, b, and 

7. Calculate the integral average value 
of T, from the appropriate operation on 
Equation (7). Repeat steps 2(a), 2(c), 3, 
4,5, and 6 until a check with the assumed 
values is found. 

8. Calculate T, at x = o using Equa- 
tion (7). This should also check, but an 
exact agreement is not essential. A serious 
disagreement will require a repeated trial 
to this point. 

9. Calculate T, at one intermediate 
value of x and use this and T, at x = o 
to evaluate 8 and y of Equation (8). 

10. Proceed to the next axial segment 
and use Equation (9) instead of Equation 
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It should be noted that conversion cal- 
culations are based on a mean rate in 
which the rates at entrance average tem- 
perature and exit average temperature are 
considered. The heat-generation function, 
however, is evaluated with rates at the 
entrance conversion and entrance wall 
temperature and the exit conversion and 
maximum temperature. This was done in 
an attempt to get the extremes of the 
rates, since the rate is fastest (with this 
reaction) at the lowest temperature and 
lowest conversion and slowest at the 
highest temperature and highest conver- 
sion. This is a refinement which may not 
be necessary; it is probably satisfactory to 
use average temperatures throughout, 
which would simplify the design method. 
Despite the necessity of assuming three 
items, the calculation is fairly fast after 
some practice. 

The calculated figures in Table 2 were 
computed with this method. 


CONCLUSIONS 


The apparatus and procedure de- 
scribed proved to be effective in per- 
mitting the observations of tempera- 
ture distributions and conversions for 
the catalytic oxidation of nitric oxide 
in a slab bed. Eighty-six runs were 
made, although only one is described 
in detail here. 

A mathematical analysis led to equa- 
tions describing the distribution of 
temperatures throughout the catalyst 
bed as functions of fundamental prop- 
erties, flow conditions, and the rate of 
heat generation. These equations may 
be adapted to the formulation of a 
design method with which the tem- 
perature distributions and conversions 
may be predicted. This method re- 
quires the consideration of axial seg- 
ments of the bed, but the number of 
such segments is small and thus the 
method is a relatively fast one. 

The design method was used in con- 
junction with isothermal rate data 
given in the appendix to predict with 


A.1.Ch.E. Journal 


good accuracy the results observed, 
although those of only one run are de- 
scribed. 
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NOTATION 


a 


b 


C, 


h, 


K, 


ky 


o 
xo 


T, 


I 


Gc,/K;, constants in Equa- 
tions (7) and (9), cm.* 

C,h./K;(h.—C,), constant in 
Equations (7) and (9), cm.~ 
constant in catalyst-bed heat- 


generation function, cal./ 
(min.) (ce.) 

constant in catalyst-bed heat- 
generation function, cal./ 


(min.) (ce.) (°C.) 
C.h./K;(h.—C,), constant in 
Equations (7) and (9), °C./ 
sq. cm. 

heat capacity of gas phase at 
constant pressure, cal./(g.) 
(°C.) 

reactor feed rate, g./min. 
superficial mass velocity of 
gas in catalyst bed, g./(min.) 
(sq. cm.) 

volume-based coefficient of 
heat transfer between solid 
particles and gas in catalyst 
bed, cal./(min.) (ce.) (°C.) 
effective thermal conductiv- 
ity of gas phase in catalyst 
bed, cal./(min.) (cm.) (°C.) 
reaction-rate constant for 
uncatalyzed oxidation _of 
nitric oxide g. moles nitric 
oxide converted/ (min.) (cc.) 
(atm.*) 

total moles of reactor feed 
per unit mass of feed, di- 
mensionless 


= moles of nitric oxide in re- 


I 


actor feed per unit mass of 
feed, dimensionless 

moles of oxygen in reactor 
feed per unit mass of feed, 
dimensionless 

absolute pressure, atm. 
specific rate of oxidation of 
nitric oxide over silica gel, 
g.-moles nitric oxide con- 
verted/ (min.) (atm.”’) (cc.) 
rate of oxidation of nitric 
oxide over silica gel, g. moles 
nitric oxide converted/ (min. ) 
(ce.) 

temperature of gas phase in 
catalyst bed, °C. above re- 
actor wall temperature at 
inlet end 

average temperature of gas 
phase (averaged in the lat- 
eral direction). °C. above 
reactor wall temperature at 
inlet end 

temperature of solid phase in 
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a 
= 
= 
|| = 
F 
G = 
| 
— 
= 
| n° = 
N° = 
T 
= 
| 


catalyst bed, °C. above re- 

actor wall temperature at in- 

let end 

gas temperature at reactor 

wall, °C. above reactor wall 

temperature at inlet end 

volume, cc. 

total catalyst-bed volume, cc. 

air flow rate, g. moles/min. 

nitric oxide flow rate, g. 

moles/min. 

= half width of slab catalyst 
bed, cm. 

= extent of conversion, moles 

nitric acid converted per 

unit mass of reactor feed, di- 

mensionless 

value of X at catalyst-bed 

entrance 

value of X at catalyst-bed 

exit 

value of X at point of analy- 

sis 

lateral distance from central 

plane of slab-shaped bed, 

cm. 

axial distance through cata- 

lyst bed, cm. 


= 


mole fraction nitric acid in 
reactor feed, dimensionless 
a = (n+ 1/2) n = 0,1, 2, 


cm.” 
(8), 


constant in Equation 

constant in Equation (8), 
° 
C. 
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APPENDIX 


A-I. Observations on the Homogeneous 
Reaction 


The homogeneous oxidation of nitric 
oxide which occurs in the empty space be- 
fore the catalyst and between the catalyst 
and the photometer is not negligible and 
must be taken into account in interpreting 
both the slab-reactor data and the iso- 
thermal-bed data discussed below. The rate 
equation for the third-order homogeneous 
reaction in a flow system is 


1 
3 
dv 
dx 
F 1 
xX)? (n’., ——X) 
(A-1) 


The rate constants as listed by Glasstone, 
Laidler, and Eyring (6) and the USS. 
Bureau of Standards (11) were used in 
calculations based on this equation. 

The photometer was located downstream 
of the catalyst bed, of course, and _ its 
measured value is the reported Xs of the 
tables. The conversion at the exit of the 
catalyst bed, Xz, was obtained by succes- 
sive application of Equation (A-1) in in- 
tegrated form over portions of the volume 
between the catalyst-bed exit and the 
photometer. This procedure was employed 
to allow for the fact that the gas left the 
catalyst bed at temperatures as high as 
172°C., although the photometer was close 
to room temperature. The temperature in 
the photometer chamber was, of course, 
known. Since the precise pattern of tem- 
perature change between the converter and 
photometer was not known and had to be 
estimated, there are errors in this pro- 
cedure. However the over-all contributions 
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of such errors are small because the dif- 
ferences between X2 and Xs are small; it 
is a correction to a correction. 

With regard to precatalyst conversion in 
the slab reactor, it was recognized that 
large errors could result from direct ap- 
plication of Equation (A-1) because of 
incomplete mixing of the reactants early 
in the unpacked volume upstream of the 
catalyst. Consequently a number of runs 
were made in which the gas mixture im- 
mediately upstream of the catalyst bed was 
bypassed around the catalyst and _ sent 
directly through the photometer. The con- 
versions read at the photometer were then 
adjusted to those at the catalyst-bed en- 
trance by means of the integrated form of 
(A-1). Details are given by Jaffer (7). 
Some error was undoubtedly involved in 
the use of these data; however, again, it is 
only a correction to a correction. 

The geometry of the reactor system used 
to obtain isothermal rate data was such 
that virtually perfect mixing in the pre- 
catalyst unpacked volume could be safely 
assumed. Hence precatalyst conversion 
was computed directly with the integrated 
form of Equation (A-1). 


A-ll. Determination of Isothermal Rates 


Isothermal rate data for the oxidation of 
nitric oxide over silica gel have been 
reported (2, 4, 8, 10) for different temper- 
atures than used here and with silica gel 
preparations which may well be different. 
Hence isothermal rate measurements were 
undertaken with the present catalyst and 
in the higher temperature region of interest 
here. 

The range of variables for the isothermal 
conversion data were 


Temperature 96° to 172°C. 
Air flow rates 0.029 to 0.17 
g. moles 


(min.) (sq.cm.) 
Mole fractions, 
nitric oxide 
Conversions 


0.0177 to 0.146 
9 to 89% 


Isothermal Reactor System. This system 
was similar to the slab-reactor system ex- 
cept for the following: air was supplied 
from a compressed air tank rather than a 
compressor, reactant stream flow rates were 
controlled with needle valves and measured 
with rotameters, and both air and nitric 
oxide streams were separately preheated. 

Isothermal Reactor. (Figure A-1) The 
catalyst was contained in four parallel 
copper tubes, each 3/16 in. O.D., 0.314 
cm. L.D., and about 61 cm. long. The 
packed length of each tube was 58.4 cm., 
resulting in a total catalyst volume of 
18.0 cc., including voids, and a catalyst 
weight of 12.0 g. Such small tubes were 
used to ensure relatively fast heat transfer, 
and the parallel arrangement was used to 
give total flow rates which could be 
measured accurately. Loss of catalyst was 
prevented by tightly rolled cylinders of 
wire mesh inserted into fittings which con- 
nected the above tubes to a manifold. The 
catalyst density was 0.655 g./cc. 

Thermocouples were placed along the 
length of these tubes, the couple junctions 
being located as near as possible to the 
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Fig. A2. Specific rate of oxidation of nitric oxide over silica 
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Fig. A3. Specific rate of oxidation of nitric oxide over silica 
gel n°? xo = 0.002. 
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Fig. A5. Specific rate of oxidation of nitric oxide over silica 
gel n°xo = 0.004. 


For all practical purposes isothermal con- 
ditions were, indeed, maintained. In some 
cases the temperature of one station dif- 
fered from the others or from the bath by 
1°C., in four cases by 2°C., and in one 
case by 3°C, 

A pair of runs at essentially identical 
conditions but at quite different times 
were made for each of the five temper- 
atures. The worst disagreement in any of 
these was 57.5 vs. 58.1% conversion; the 
others were in considerably better agree- 
ment. It is thus clear that there is no 
evidence of loss of catalyst activity. 

Interpretation of the Isothermal Data. 
The basic relationship by which specific 
reaction rates were obtained from the iso- 


axes of the tubes. (See Figure A-1.) The 
lead wires were removed through legs of 
tees inserted in the tubes, care being ex- 
ercised to avoid leakage of gas and to 
bring the leads out through an isothermal 
zone. These tees also led tu a manometer 
for pressure measurement. The whole as- 
sembly was immersed in an agitated oil 
bath which was heated by an immersion 
heater. 

Isothermal Runs. The catalyst was ac- 
tivated in the same manner as in the non- 
isothermal runs, and operation of the unit 
was essentially the same. The following 
data were recorded: 


1. Photometer, same as for slab con- 
verter. 
2. Air flow rate. 


3. Nitric oxide flow rate. 

4. Ambient temperature. 

5. Pressures at four positions along the 
reactor (one connection proved sluggish ). 

6. Temperatures at five points along 
the catalyst bed. 

7. Temperature of the cooling bath. 
More details of the apparatus and pro- 
cedure are given by Jaffer (7); however, 
the analytical procedure was basically the 
same as described before. 


Isothermal Data. Eighty-five isothermal 
runs were made at the conditions described 
earlier. 

The data of a representative run are 
given in Table A-1. All the data are given 
in reference (7). 


| 


thermal data is 


= rd(V/F) (A-2) 


The fact that the feed rate, rather than 
catalyst volume, was varied experimentally 
introduced a complication. Both X; and X: 
varied with feed rate: X: because of 
varying residence time available for 
homogeneous reaction in the precatalyst 
volume and Xz because of changes in Xi 
and varying residence time in the catalyst 
bed. A mathematical analysis (7) was 
developed to take these factors into ac- 
count. 

Since total pressure, varied over the 
length of the isothermal bed as well as 
from run to run, and since the effect of 
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TABLE A-], REPRESENTATIVE DATA OF ISOTHERMAL Runs, Run I—14 


Coolant temperature 96° to 97°C. 

Wa 0.00887 g. moles/min. 

Wro 0.00152 g. moles/min. 

y°’xo 0.146 

n°xo 0.00500 moles nitric-oxide converted/unit mass feed 
X* 0.000807 moles nitric-oxide converted/unit mass feed 
ae” 0.00401 moles nitric-oxide converted/unit mass feed 
X;3* 0.00421 moles nitric-oxide converted/unit mass feed 
0.843 

Station through bed 1 3 4 5 
Pressure, atm. abs. 1.029 —_— 1.020 1.013 1.007 
Temperature, °C. 96 96 96 96 96 


* X3 is a measured quantity; X2 is calculated from it as a correction for the homogeneous reaction. 


Xi is calculated for the homogeneous reaction. 


pressure was not specifically studied in 
this investigation, it was necessary to as- 
sume a pressure dependence on the basis 
of available data. Although there is little 
agreement in the literature in this regard, 
proportionality of the rate to the square of 
absolute pressure represents a reasonable 
compromise between reported correlations 
(2, 4, 8, 10). This relationship was as- 
sumed in deriving the reaction rates re- 
ported here. 

Rates of Isothermal Reaction. The cal- 
culated rates of isothermal reaction are 
plotted in Figures A-2, 3, 4, 5, and 6. The 
ordinate is R, for. use in the equation 


(A-3) 
FJ. 


The abscissas are fractional conversions 
and the parameter temperature. A separate 
curve is given for each value of n°xo. 
Tabulated values are given by Jaffer 
(7). No empirical or semitheoretical equa- 
tion has been found to correlate these rates, 
although there is evidence for strong 
adsorption of nitrogen dioxide in the 
practically zero rates at high conversions. 
Negative rates shown in some curves and 
in the tables at very high conversions re- 
flect slight errors, of course. Such rates are, 
for all practical purposes, zero. The ab- 
sence of a significant effect of gas-phase 
diffusion on this catalytic reaction has been 
reported by Baker et al. (2); accordingly 
any effect of velocity of flow has been 
neglected in interpreting these rate data. 
Comparison of these results with those of 
others is difficult because conditions were 


not at all comparable. While the temper- 
ature range is considerably different fiom 
that used by Baker, Wong, and Hougen 
(2), their results and these seem to be 
consistent. For n’no = 0.003, a conversion 
of 0.578, and a temperature of 60°C., the 
equation given by Baker, Wong, and 
Hougen predicts a rate of 0.000065 
g. moles nitric oxide converted/(min.) 
(cc.) at 1 atm. An extrapolation of the 


present results to 60°C. yields a rate of | 


0.000075. The temperature dependence of 
this reaction is the same in direction as 
that observed by all previous workers. The 
decrease of the temperature dependence at 
higher temperatures conforms to the ob- 
servations of Kurin and Blokh (8) and 


the theoretical treatment of Glasstone, | 


Laidler, and Eyring (6). 

It will be noted that for high initial 
nitric oxide concentrations and high con- 
version of nitric oxide, reaction rates at 
103°C. are shown to be higher than those 
at 96°C. Such a reversal of the effect of 
temperature on the reaction has not been 
reported previously. No successful attempt 
has been made in the present investiga- 
tion to explain this phenomenon; the effect 
is not large and occurs only at high 
conversion of nitric oxide. 

A good verification of the method and 
of the accuracy of these rate data is that 
they can be used to reproduce by calcula- 
tion the integral conversion data observed 
with excellent agreement. In run I-14 the 
measured value of Xz was 0.00401; when 
one integrates Equation (A-3) with these 
rate data, the calculated value is 0.00412. 
The absolute magnitude of the rate in this 
calculation varied thirty-fold from entrance 
to exit of bed. 


Multicomponent Diffusion Problems 


HSIEN-WEN HSU and R. BYRON BIRD 


Analysis of four three-component diffusion problems by means of the Stefan-Maxwell equa- 
tions is presented. In three of these problems heterogeneous chemical reactions are occurring at 
a catalytic surface. Characteristic curves are presented for the better understanding of the 
analytical solutions. The results of one of the exact solutions are compared with those by the 
effective diffusion-coefficient approach. 


The equations describing the diffu- 
sion in a v-component mixture of gases Pre 
are the Stefan-Maxwell equations (1): i=12--.» 


(1) 
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The derivation of Equation (1) from 
the kinetic theory of gases has been 
given by Curtiss and Hirschfelder (3). 
Only v—1 of these equations are in- 
dependent because x, = I> 
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Specific solutions to the Stefan-Max- 
well equations have been given by 
Gilliland (4), Hoopes (5), Benedict 
and Boas (2), Keyes and Pigford (8), 
and Toor (10) for multicomponent 
systems. It is the purpose of this pub- 
lication to extend the “dictionary” of 
solutions for steady state multicompo- 
nent diffusion, particularly those with 
chemical reactions involved. The latter 
are of course interesting in connection 
with the study of diffusion-controlled 
heterogeneous reactions. 


DIFFUSION OF A THROUGH A 
STAGNANT FILM OF B AND C OF 
KNOWN AVERAGE COMPOSITION 


Gas A is diffusing in steady state 
through a stagnant film of thickness 
8, which consists of species B and C, 
as shown in Figure la. If no A were 
present, the film would contain B and 
C in concentration x,° and x,’ (with 
Xx = 1). The authors select as 
the two independent equations those 
for B and C: 


dx 

“ah = Vas Xp (2) 
dx¢ 

= Vas Xe (3) 


| which are to be integrated with the 


boundary conditions: at ¢ = 0, x4 
Xu, and at = 1, x4 = X45. Integration 
of Equations (2) and (3) gives the 
following concentration profiles: 


Xs = 
(aac = aan) 


(1 — X40) oan — (1 — X45) t 


_ aac 
(aap asc) 


(5) 


in which = exp [Ns and 
2/0. 


An expression for N, in terms of x.o, 
X45, Xn’, and r Das/ Dac may be ob- 
tained by calculating x," from the 
above concentration profiles: 


Xp AZ 


(6) 


f° (xs + 
Inserting Equations (4) and (5) and 
performing the integrations one gets 


1 


puter. The results are presented in 
graphical form in Figure 2 and in 
tabular form in Table 1*. The tabu- 
lated values of ass are reported to five 
significant figures with the range of 
Q = 12> 80, r = 0.10> 0.95 with 
0.10 intervals to 0.90, and x,° = 0.00 
> 1.00 with 0.05 intervals. From this 
table the mass transfer rate can be 
calculated. This table has been used 
by Huebner in connection with studies 
on psychrometry in three-component 
systems (7). 

It can be seen both from the table 
and the figure that as, increases with 
increasing Q, with decreasing r, and 
with decreasing x;’. 


DIFFUSION OF A THROUGH A 
STAGNANT FILM OF B TO 
FORM A, AT A CATALYTIC SURFACE 


Gas A is diffusing in steady state ' 


through a stagnant film of B to a cata- 
lytic surface, where A disappears by 
an irreversible chemical reaction of 
order h (see Figure 1b). The surface 
reaction whereby A disappears may be 
described stoichiometrically as 


A, (8) 


Note that n and h do not necessarily 
have to be the same. Values of n = 2, 
3, 4... . correspond to polymerization 
reactions, whereas values of n = 1/2, 
1/3, 1/4, . . . correspond to depoly- 
merization at the catalytic surface. The 
relative molar fluxes are determined by 
the stoichiometry of the reaction (and 
not by the order of the chemical reac- 
tion); that is Ny — nNa,. For this 
case the Stefan-Maxwell equations for 
A and B are 


1 dx. ( 1 ) 
=fa,\ 1 —— 
VAnB dt n 


+ (fan — 12) Xp — 


1 dxz ( 1 ) 
n 


dl 
(10) 


in which vans = Dane], ts = 
Dans/ Das, and T4, = Danb/ Daan. These 
equations may be integrated with the 
boundary conditions that x, = Xo 
and xz = Xo at = 0. The integration 
of the x, equation is done first; the re- 
sult is then substituted into Equation 
(9), and the resulting first-order linear 
differential equation is integrated: 


(9) 


VAnB 


[ 
Tr 


in which Q = (1—%45)/(1— 
Equation (7) has been used to cal- 

culate the values of ass in terms of Q, 

x’, and r by an IBM 650 digital com- 
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*® Tabular material has been deposited as docu- 
ment 6266 with the American Documentation 
Institute, Photoduplication Service, Library of 
Congress, Washington 25, D. C., and may 
obtained for $7.50 for photoprints or $2.75 for 
35-mm. microfilm. 
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(7) 


Xe = exp [R vans C] (11) 
Xa = [Xs —N* + exp 


[Nran vane + N*— M* exp 


(12) 
in which 
1 1 l—ra, \, 
N=1-—,M=1-+( = ) 
n n Ta—TAn 
1 
and R=r,;—— (18a,b,c) 
n 


The condition that there be an hth 
order reaction at the catalytic surface 
is that at € = 1 


(14) 


where K=[k, 8/c Da,#]. Applying this 
condition to Equation (12) one gets 
the following transcendental equation 
for VAnB? 


Na or vans = K 


V 


exp (N TAn VAnB) + N*— ° 
exp (R vane) (15) 
Equations (12) and (15) do not hold 
for several special cases. For these 


cases the mass transfer rate v,2 is cal- 
culated from the following formulas: 


VAnB 


[X40 N* + M* Xzo | 


Case | 


T'An rs; the binary diffusivities 
Das, and Daz are equal. In this case 
the (ra,—fs)xs term in Equation (9) 
disappears, and the solution is inde- 
pendent of the concentration xz. at the 


outer edge of the film: 


1 1—N K 
= 

Nran 1 — NXa0 

(16) 


VAnB = 


Case Il 

nm = 1; a unimolecular rearrange- 
ment is taking place at the catalytic 
surface. In this case the ran(1—1/n)x4 
term in Equation (9) disappears, and 
the solution gives 


VAnB 
Vv K fe—l 


(17) 


(Ts — 1)]-1l} 
— TAn VAnB 
Case Ill 
nts — 1 = ra,(n — 1); in this spe- 
cial case the solution is 


VAnB 
K 


-| — N* 


1 
n—1 
exp (R vans) + 
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— 
K 
| 
| (4) 
| 
— 
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a) Diffusion of A through stagnant 
film of B and C 


b) Diffusion of A through stagnant 
B to form A, at catalytic surface 


Flux Relation | Ng= Nc =O Flux Relation 


Kinetics None Kinetics 


pat z=§ 


Film 
Xpo x 


c) Diffusion controlled catalytic 


cracking with A—epP + qQ 


d) Diffusion controlled catalytic 


combination with pP + qQ—+A 


at 


ao Gas Film—= 


x 
Tan 
X 
Z=0 
$*! $*0 


surface 
AY 


Flux Relation Nos-aN, Flux Relation 
Kinetics Nas ot 2=8 Kinetics 228 
A—+pP + qQ at surface— pP+qQ-—-A at surface— 


Gos Film— p— — Gas Film— 
p-moles 
qmoles 
bed 
I-mole 
4:0 


Equations (15), (16), and (18) 
have been used to tabulate va,» for 
various values of n, 1's, 14n, Xao, aNd Xno 
for K = o by an IBM 650 digital 
computer. The results are presented in 
tabular form in Table 2*, and some of 
the characteristic results are plotted in 
Figure 3. The tabulated results are re- 
ported to four significant figures with 
the following parameters: 


n = 2, 3, 4, 1/2, 1/3, 1/4 
Tan, Tr = 0.4, 0.8, 1.2, 2.0, 4.0, 6.0 
Xa = 0.3, 0.4, 0.5, 0.6, 0.7 

Xn = 0.1, 0.2, 0.3, 0.4 


In Figure 3 v4,» is plotted against ra, 


for the following cases: 
n= X49 = 0.3, = 0.1: 
for various values of r; 
n= 2, Xao = 0.3, Tz, = 1.2: 
for various values of Xz. 
n= 2. = 0.1, = 0.4: 
for various values of x4. 
Xso = 0.3, Xn = 0.1, rz = 0.4: 


for various values of n 


This figure shows the dependence of 
va,e On the main variables. 


DIFFUSION-CONTROLLED CATALYTIC 
CRACKING WITH A — pP + qQ 


Substance A diffuses through a gas 
film of thickness 6 containing A, and 
the reaction products (see Figure Ic). 
At the catalytic surface A disappears 
by an irreversible chemical reaction of 
order h. Stoichiometrically the reaction 
is represented by the cracking reac- 
tion: 


pP + qQ (19) 


The relative molar fluxes are deter- 
mined by the stoichiometry (and not 


® See footnote on page 517. 
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Fig. 1. Three component diffusion problems. 


by the order of the reaction); that is, 
PNa Np and qNa No. For 
this problem the Stefan-Maxwell equa- 


[xpo]s° + [— Ag Xpo + Br Xqo + Cp]s [Bp Cp Ag] 


Xp(s) = 


two algebraic equations result, which | 
may be solved for the transform func- | 
tions xp(s) and x9(s): 


[Ap + Ag]s + [ArAg — BrBo] 


tions for components P and Q are 


(23) 


and an analogous expression for x9(s) 


obtained by interchanging all p and q 


1 dx 
= +B and all P and Q. 
veg de In order for Equation (23) to be 
(20) inverted, the denominator has to be - 
1 dx i — §, —s.), i hic 
aXe tored into (s—s,)(s—s_), in whi 
Vpaq d 1 
in which TA (24) 
Ap = (1—p)re—q, Bp = (1—?rp)p, 
One now has to consider three cases, 
and Cp = prp (22a,b,c) namely s,AS_, 5, = Se, and s, = 
and S. when s_ = 0. 
Dre Dre } 
tp = and Case | 
Dar Dag Unequal roots, s,~s_ In this case | 
(22d,e) the inversion of Equation (23) yields 
[s, exp veel) 71 
— s_exp(s_ ] + [— 
+ Brxgo + Cr] [exp (s. 
l — exp ] + [BrCg — CpAg] 
xp(C) = (25) 
(s,—s_) | exp (8S, veel) — 1 


{ 


The quantities Ao, By, and Co are de- 
fined analogously by interchanging all 
p and q and P and Q. Equations (20) 
and (21) are to be solved with the 
boundary conditions that at ¢ = 0, 
tp — Xoo 


When the (s multiplied) Laplace 
transform of both equations is taken, 
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exp (S_ veel) — 1 | 


with a similar expression for xo({). 
The condition that there be an Ath- 
order reaction at the catalytic surface 
which is similar to Equations (14) is 
that at ¢ = 1 


(26) 
where K, = [kx 8/c Dro]. Thus when 


Na = kn x," or Vea = K, x,” 


September, 1960 


one 
one 


ST, 
| 


alytic 


at 228 


| 


jace— 


KOs 


which | 
m func- | 


- (28) 


or Xq(8) 


p and q 


) to be 
) be fac- 
1 which 


e cases, | 


ids, = 
his case | 
) yields | 


5) 


Yr 
an hth- 
surface 
(14) is 
(26) 


us when 


r, 1960 


one =5/ (1—p)te + (1—q)re— (p +9) 
one obtains tV{(1—p)re— (1—q)re + (p—q)}° + 4 pq (1— (1 — re) 
[Xs, + Y + Zs,*]exp (s,vr¢) (31) 


— [Xs_ + Y + Zs-*]Jexp 
Y = xp(p + q4—Te) + Xoo 


Z 
(s,— 8.) | (p + — tr) (pre + qre) (29) 
(27) 
in which 
X = Xpo + Xeo (28) Tp = To) (30) 
x, 
os 07 06 0.5 0.4 03 0.2 
7 T 
80F 
70 0.10 
60} 0.30 
0.50 
0.70 
20+ 47Q=20 
0.95 
Q=15 
0.10 
0.10 0.30 
= 10 Q=10 
= 


Q=4.0 


Fig. 2. The calculated values of ass = exp [Na d/c Das] for the problem of 

diffusion of A through stagnant B and C. These curves were calculated from Equa- 

tion (7). To find a value of aus, first select the value of Q at the right of the chart 

and the curve appropriate for a given value of r. Then move along this curve to the 

left until the value of xs° is located. For example for Q = 2, r= 0.3, x2° = 
0.5, one finds that a1s = 2.95. 
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[Equation (31) is the simplified form 
of Equation (24).] 
Case Il 


Equal roots, s, = s_ = s, 
In this case the inversion of Equa- 
tion (23) leads to 


xp(f) = [1 + 

"exp + [— Actro + Brxeo 

+ Cp] exp (S. vee) + [BrCo 
— CrAq] (5. vee) *[ exp 


(Se vee £) — exp (Se vee f) + 1] 
(32) 


with a similar expression for x9({). 
Then application of the conditions that 
Xp + = 1 — x4 at = 1 gives 

[xX Ys." VA (3 exp (8. vre) 


[xX — Zs.* exp (Se vee) = 


(93) 
in which X, Y, Z are defined in Equa- 
tions (28) to (30) and s, = (1/2) - 
[(1—p)re + (p + 9) I]. 
Case Ill 

One root is zero; s = s when 
s. = 6 
In this case the inversion of Equa- 
tion (23) gives 
xp(f) = [xpo] exp (So 
+ [ AoXpo + BpXo0 + Cp]s.* 
[exp (So — 1] 
+ [ — CpAg]s.* [ exp 
(34) 


with a similar expression for xo(¢). At 
t = 1 it is known that xp + x» = 1 
— x4, so that 


[X + + Zs,*] exp (So vee) 
Veg = [ 1 + Zs." ] 


vee/ Kn 
in which X, Y, Z are defined in Equa- 
tion (28) to (30) and s, = (1—p)rp 
+ (1—q)to— (p + q)- 

Equations (27), (33), and (35) 
have been used to tabulate vp, for 
various values of p, q, Xpo, Xoo, Tr, and 
re for K = « by an IBM 650 digital 
computer. The results are presented 
in tabular form in Table 3°, and some 


® See footnote on page 517. 
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7 Q=7.0 
6 0.50 
0.70 
\ 0.10 
— 
0.30 
3 
| 0.50 
0.10 aie 
0.30 
0.50 
0.70 
0.98 Q=1.2 
1 
° oO! 02 03 0.4 0.5 06 0.7 08 0.39 1.0 


of the characteristic results are plotted 
in Figure 4. The tabulated data are 
reported to four significant figures with 
the following parameters: 


=1, 2 

Tp, To = 1.0, 1.5, 3.0, 4.5, 6.0 
Xpo = 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 
Xoo = 0.2, 0.8, 0.4 


In Figure 4 the values of ve are plot- 
ted against ro for the following cases: 
p =1,q = 1, re = 1.5, Xoo = 0.2: for 
various values of x»; p = 1, q = 1, 
Xpp = 0.2, Xe = 0.2: for various values 
of Xp; Xp = 0:2, xo = 0.2, rp = 6.0: 
for various values of p and q. 


DIFFUSION-CONTROLLED CATALYTIC 
COMBINING WITH pP + qQ—> A 


Species P and Q are diffusing 
through a gas film of thickness 8, con- 
taining P and Q and the reaction prod- 
uct, toward a catalytic surface on 
which the (hp + he) order irreversible 
chemical reaction occurs, as shown in 
Figure ld: 


pP+qQ-7A (36) 


Thus the Stefan-Maxwell equations for 
components P and Q with the stoichio- 
metric requirements and the boundary 
conditions are exactly the same as the 
problem of pP + qQ_ discussed 
previously [that is, the Stefan-Max- 
well equations are Equations (20) and 
(21), and the boundary conditions are 
Sp = Xp and = X» at { = 0]. 
Therefore the solutions of xp(Z) and 
Xo(¢) are exactly the same as A > pP 
+ qQ problem. Similarly, there are also 
three cases which have to be con- 


sidered, namely s, 8., 8, = 8s. = 
ands. = s whens = 0, 
Case | 


Unequal roots, s, 
In this case xp(¢) can be rewritten 
from Equation (25): 


xp(¢) = 


{[Xps, + Jexp (s, C) 
—[Xps_ + Yp + exp (s- 


— 
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Fig. 3. The calculated values of vans = [Na 5/eDa,z] for the problem of diffusion of A 


through a stagnant film of B to form An at a catalytic surface. These curves were calculated 
from Equations (15), (16), and (18) for K = oo. 


Z. 

+_— (37) 
S, S_ 

in which 
Xp = Xpo (38) 
hp In | 


In[ veg/ Ky] 0 
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[Xps, + Yo + Zes,*Jexp(s, 
— [Xps_ + Yp + Zps_*]exp vee) 

[Xos, + Yo + Zos,*Jexp vee) 
— [Xes_ + Yo + (S_ vr¢) 


Yr = [p— (1— 4) re] xro 

+ pre (39) 
Zp = 
—pre[(l1—q)re—p] (40) 


s_ is defined in Equation (31) 
with a similar expression for x9(¢) by 
interchanging all p and q and all P 
and Q. 

One may see that 


Equation (28) X=Xp+ Xe 
Equation (29) Y=Yr+ Ye 
Equation (30) Z= Zp + Zo 


The kinetic equation at the catalytic 
surface (¢ = 1) for this problem is 


h h 
—N,= a Xp? Xq 
VPQ h 
or = = Xp"P 
h 


(41) 


in which k, = kp/p = ke/q and Ky = 
[k, 8/cDro]. Thus one will get the 
following transcendental equation of 
veg at the catalytic surface: 
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Case Il 


Equal roots, s, = s_ = 8, 
In this case xp(¢) may also be re- 
written from Equation (32): 


xp(¢) = [Xp — Zp 8. *Jexp (8. vee 
+ Zp se? + [Xp + Yps.* + Zps.*] 
Se Veg ¢ exp (s. C) (43) 


with a similar expression for x9(¢). 
Thus at the catalytic surface one gets 


[Xp — Zp (Se 
Zp 
+[Xp + Yps.* + Zp 


Se exp (S- 


hp In 


he In [Xo Zo Se” Jexp (Se vee) 
+ Zo 
[Xo + Yo + Ze 
Se EXP (S. 


— In [ — = 0 
(44) 

in which Xp, Xe, Yp, Ye, Zp, and Ze are 
defined in Equations (38) to (40), 
and s, =(%)[(1—p)re + (1— q)te 
— (p+ q)1. 
Case Ill 

One root is zero, $,§ = % when Ss 
= 0 

In this case xp(¢) is rewritten from 
Equation (34): 


September, 1960 
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Fig. 4. The calculated values of veg = 


[Na 5/cDee] for the problem of diffu- 


sion-controlled catalytic cracking with A >pP + qQ. These curves were calculated 
from Equations (27), (33), and (35) for K = co. 


xp(f) =[Xp + Yr + Zp 5,7] 


— — (45) 


with a similar expression for x9(¢). 
Then at the catalytic surface one ob- 
tains 


exp (So vpe) 


hp In [ Xp + Yr + Zp 


exp (So 
Lo ig? Yo — Zo & 


hg "| [Xe + Yo Zo Sa) | 


in which Xp, Xo, Yp, Yo, Zp, and Ze are 
defined in Equations (38) to (40), 
and s, = (1 — p)rp + (1 — q)re — 
(p + q). 

Equation (42), (44), and (46) are 
to be used for the calculation of vpg for 
the various values of p, g, and Xpo, Xqo, 
Ip, To, and Ky. 
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It is important to note that the val- 
ues of xp(S) and x9(8) can be evalu- 
ated from the value of vp These val- 
ues of xp(S) and x9(8) determine 
which of the following conditions holds 
at the catalytic surface: 


(i) — = 
no excess reactant at the 
catalytic surface 


(ii) — PXos >0 
xP is the excess reactant 
at the catalytic surface 
(iii) — <0 


xQ is the excess reactant 
at the catalytic surface 


When K,=, Equations (42), 
(44), and (46) do not hold. For this 
case a special consideration has to be 
made for the calculation of vpg because 


Equation (41) becomes 


(47) 


Hence one cannot tell whether x» = 0 
or x9 = 0 at the catalytic surface. In 
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this case one may arbitrarily select 
xe(8) = 0 and proceed with the cal- 
culation of veg. Then after the calcula- 
tion one has to substitute this ype into 
the expression for x9(8) to verify its 
sign, for x9(8) cannot be a negative 
value. If by using the vp obtained 
from xp(8) = 0 one gets x9(8) <0, 
then it is obvious that the assumption 
made (that is x»(5) = 0) is incorrect 
and that instead one has to use xo(8)= 
0 for the calculation of ype. 

In other words if one obtained x (8) 
= 0 by use of the vre calculated from 
xp(8) = 0, it is seen that this is case 
(i), in which there is no excess reac- 
tant at the catalytic surface. If x9(8) 
> 0, this is the case (iii), where x9 is 
the excess reactant at the catalytic 
surface. If x9(5) <0, this is the case 
(ii). It is obvious that xq is the limit- 
ing reactant; thus one has to use x9 (8) 
= 0 for the calculation of vp¢. 

There are also three cases, the same 
as previous ones, which have to be 
considered when K, = ©, namely, 


~ = = S,, and $_ = when 
= 


= 


Case I 

Unequal roots, s, s_ 

The transcendental equation of vee 
at the catalytic surface is 


[Xp s, + Yr + Zp s,*] exp 
+ Zp(s, — s_)s,7*s_* = [Xp s_ 
¥y Zp s_Jexp (S_vre) 
Case Il 
Equal roots, s. = s_ = S, 


In this case at the catalytic surface 
one obtains 


[Xp wer y Jexp (Se + Ze 
+ [Xp + + Zp 
vpq EXp (S.vre) = 


Case Ill 
One root is zero, s_ = Ss when s_= 0 


(48) 


(49) 


In this case at the catalytic surface 
one will obtain 


[Xp + Yp + Zp Jexp (Sp 


Lp Vee = [Yp Zp 
(50) 


Equations (48), (49), and (50) 
hold only with the condition that the 
substitution of vee, which is calculated 
from one of these equations, to (8) 
gives x9(5) = 0. Otherwise, with simi- 
lar expressions for the above three 
equations obtained by interchanging, 
all p and q and all P and Q have to be 


used for the calculation of vee. 


METHODS OF USING EFFECTIVE 
DIFFUSIVITY 


In this section the authors compare 
the results of diffusion-controlled cata- 
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| 

| 

be al 

(43) 

e gets 

ro) 

J | 
) 

(40), 
| | 
1960 | 


lytic cracking with A > pP + qQ 
with those obtained by using an effec- 
tive diffusivity and the usual binary 
formulas. Such methods have previ- 
ously been proposed by Hougen and 
Watson (6), Wilke (11), and Stewart 
(9). The method used here is essen- 
tially that of Stewart but written up in 
a form similar to the development 
given by Hougen and Watson so that 
comparison between the various ap- 


Da 


dz 
(54) 


—(c Dam) (1 Fla Xa) 7 


In this expression 
Fla + Ne + Np Nol Na” 
a+b—p— 


and Dam is an effective diffusivity for A 
diffusing into the mixture, given by 


[ Xp Xp Xe 
Dap Dap Dae 


proaches can be made. The authors 
suggest a method of modifying the ef- 
fective-diffusivity approach by allow- 
ing the effective diffusivity to vary 
linearly with either composition or 
distance. 


Assumption of Constant Effective 
Diffusivity 

For the general gaseous reaction 
aA + bB =pP+4qQ_ proceeding in 
contact with a solid catalyst in the 
presence of an inert gas I the stoichi- 
ometric requirements are 


N,; = (b/a)Na, Np = —(p/a)Na, and 
No =—(q/a)N.a (514, b,c) 


Hence the Stefan-Maxwell equation for 
component A is 


dx, Na Xp Xp 
dz Cc Dar Dap Dae 
Xr ( b 
Dar a Dap 
P q ) | 
52 


Thus the expression for Ns becomes 


Xe Xp Xe 
Nu=—c + 


Dan Dap Dao 
Xr Xa b 
Da ( Das 
p q ) dx. 
dz 
(53) 


Thus far no assumptions have been 
made, except that the system consists 
of ideal gases at constant temperature 
and _ pressure. 

Next Equation (53) can be rewrit- 
ten in an alternative form simply for 
the purpose of obtaining a relation 
which resembles the expression for 
binary diffusion of A into stagnant I in 
a two-component system: 
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b p q )] 
Dar a Dar Dap Dae 


It should be emphasized that the step 
from Equation (53) to (54) is nothing 


Q stationary Equation (57) reduces to 
the result of Wilke; also Equation 
(56) is then his expression for effective 
diffusivity. Note, however, that Wilke’s 
expression for diffusivity is the same as 
that in equation (17) of Hougen and 
Watson if all their Di, are replaced by 
Dis". Equation (57) is the same as 
that given by Hougen and Watson, but 
the D.» used here are different from 
theirs. 

The solution of the A > pP + qQ 
problem by Equations (56), (57), and 
(58) is now compared with the exact 
solution obtained previously. For this 
problem the D1, of Equation (56) can 


be written as 
(1 = Dre 


Dam 
(xp + pXa)tp + (Xe + 


more than a rearrangement. bee: 
Equation (54) is next integrated Then from Equations (57), (58), 
with respect to z to give and (59) vee can be obtained: 
[1 — Ba xaJIn[ (1 — X00) / (1 — Ba J | 
veg = —— = = (60) 
CDro Bal (xp + pxa) Tp (Xo qxa)To] 


Na Dam) 87 (X40 Xs) (x7) 47 
(57) 


in which x, for component A is defined 
as 


(X40 = X45) 


{ (58) 


The integration of Equation (54) was 
performed by assuming that Dam is in- 
dependent of composition and hence 
of position. This assumption is clearly 
made just to effect a simplification. 
Equation (57) is the same result 
which Stewart has given. For B, P, and 


(x; )4= 


1 — Ba Xas 


1 Xo 


In order to use Equation (60) the 
quantities x,, xp, and x9 are to be taken 
as the arithmetic mean of the mole 
fraction of A, P, and Q at the inner 
and outer edges of the film. Hence for 
instantaneous surface reaction one 


1 
takes x, to be 7 Xao. Further one takes | 


1 
Xp to be [Xpo {Xpo/ (Xpo Xoo) }] 


and an analogous expression for %; 
this is tantamount to assuming that the 
ratio of concentrations of P and Q at 


z = 8 is exactly the same as that at z | 


—— By exact method 
---- By effective diffusivity approximate method 
—-—--By effective diffusivity method with linear dependence on position 
30] 07 [o2 2 [2 [45]15]02]02 2 | [3.0] 1.5 
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Fig. 5. Comparison of the concentration profiles for the A—> pP + qQ problem (for K = co) 
as calculated by the exact method and by two effective diffusivity methods. 
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Assumption of Linear Effective Diffusivity 
From Equation (56) it is known 
that the effective diffusivity Din is de- 
pendent on composition and hence on 
position. Hence the authors suggest a 


N.8 


_ Te + + Te (Xoo + G%s0) 


Tp + PXas) + + qXas) 
(62) 


Equation (61) is next integrated with 
respect to z to give 


(1— p—q) B 


Veg = 


method for modifying the effective- 
diffusivity approach so as to make the 
effective diftusivity linearly dependent 
on either composition or distance. 
Method I 
Dam linearly dependent on distance 
In this case Equation (54) for the 
A-pP + qQ problem can be written 


as 


| 148 (=) | 


dx, 


In this expression Damo is Dam evalu- 
ated at z = 0 and is obtained from 
Equation (59) by replacing x4, xp, 
and x9 by their corresponding values 
at z = 0, namely X40, Xp, and Xg. The 
quantity 8 is a constant and can be 
expressed as follows by use of Equa- 
tion (59): 


1—x4(1—p—q) 
1 — xX4(1—p—q) 


[re (Xpo+pxas) +19 (Xeot+ | (1—p—q) 


In (1 + B) 


1—x45(1—p—q) 


63 
1—x49(1—p—q) 


When K, = ©, x45 = 0, and Equation 


(62) becomes 


Method II 

Dam linearly dependent on composition 
In this case an expression similar to 

Equation (61) can be written as 


Xo 


du 


Damo and B are exactly the same as de- 
fined in Method I for the case K, = «. 

Integration of Equation (65) with 
respect to z gives 


1—x(1—p—q) 
CDee [re (Xpo + PX 40) To (Xeo a0) q) 
Be 
= 
B 


p—q) 


Tp(Xpo + PXso) + To(Xeo + GXao) 


Xpo(Trp — To) + To 


(64) 
In order to make use of Equation (64) 


one takes xps = [Xpo + {Xpo/ + 


Xoo) }] provided rp — re < 0; when rp 
— t¢ > 0, Equation (64) must be 
modified by interchanging all p and q 
and all P and Q. When rp = re, Equa- 
tion (64) reduces to 8 = 0, and hence 
Dame: 


TaBLE 1. SAMPLE COMPARISON OF THE VALUES OF veg = Nad/CDre BY THE EFFECTIVE 
DirFusiviry METHODS WITH THOSE FROM THE Exact SOLUTION, FOR THE 
A > pP + qQ Prosiem (witn K = o) 


(In each square the first number is the exact value, the second number is the value cal- 
culated from the constant effective diffusivity method [by Equation (60)], the third 
number is the value calculated from the linearly position-dependent effective-diffusivity 
method [by Equation (63)], and the fourth number is the value calculated from the 
linearly concentration-dependent effective-diffusivity method [by Equation (66)]. 


1.5 3.0 4.5 6.0 

p=2 0.0801 0.0597 0.0474 0.0396 
qg=1 1.0 0.0815 0.0618 0.0498 0.0417 
Xpo = 0.7 0.0810 0.0604 0.0476 0.0401 
Xo = 0.2 0.0808 0.0603 0.0481 0.0400 
0.0647 0.0603 0.0485 0.0402 0.0343 

1.5 0.0660 0.0608 0.0491 0.0412 0.0355 

0.0658 0.0608 0.0486 0.0402 0.0344 

0.0659 0.0608 0.0484 0.0402 0.0344 

0.0361 0.0346 0.0307 0.0271 0.0243 

3.0 0.0361 0.0345 0.0304 0.0272 0.0246 

0.0359 0.0343 0.0304 0.0270 0.0242 

0.0359 0.0343 0.0304 0.0270 0.0244 

0.0248 0.0240 0.0220 0.0203 0.0187 

4.5 0.0248 0.0241 0.0220 0.0203 0.0188 

0.0243 0.0239 0.0219 0.0203 0.0187 

0.0246 0.0239 0.0221 0.0203 0.0187 

0.0188 0.0184 0.0172 0.0162 0.0152 

6.0 0.0189 0.0185 0.0172 0.0164 0.0152 

0.0186 0.0184 0.0172 0.0162 0.0152 

0.0190 0.0184 0.0172 0.0161 0.0152 
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1—%4(1— p—q) | 
1 — — p—q) 


(66) 


When B = 0, Equations (63) and 
(66) reduce to Equation (60) which 
is the method of assuming constant 
effective diffusivity. 


Discussion of Results 


A few values of vpe, calculated from 
Equations (60), (63), and (66), along 
with the corresponding exact values 
from Table 3, are summarized for the 
A> pP + qQ problem (with infinitely 
fast surface reaction) in Table 1. Ad- 
ditional comparisons are given in Table 

From Table 1 one sees that an ef- 
fective-diffusivity approach to a 
multicomponent diffusion problem gives 
acceptable results. The method is sim- 
ple, and the formula is similar to that 
of the binary case. In this method the 
authors suggest that when the ratio of 
rp to Tq is close to unity, the constant 
effective-diffusivity approach is pre- 
ferable; when the ratio of rp to rq is far 
from unity, the modified effective-dif- 
fusivity approach (either linearly de- 
pendent on position or linearly de- 
pendent on concentration) should be 
used. 

It is important to note that although 
good agreement for vg is obtained by 
the effective-diffusivity method, there 
is quite a discrepancy between the 
exact concentration profile and that ob- 
tained by this method. A few concen- 
tration profiles obtained by the exact 
method, by the constant effective-dif- 


_ fusivity method, and by the method of 


® See footnote on page 517. 
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TABLE 2. COMPARISON OF THE CONCENTRATION PROFILE BY THE EFFECTIVE DiFFusIvVITY 
METHODS AND THAT BY THE Exact METHOD FOR THE A > pP + qQ 
PROBLEM FOR K = 


p41 by the exact method: 
q=l xp(£) = 0.9998 + 0.3793 exp(0.038¢) — 0.6791 exp(—0.084z) 
fp = 4.5 xa(f) = 0.9998 — 0.2865 exp(0.038Z) — 0.5133 exp(—0.0862) 
To = 3.0 by the constant effective diffusivity method: 
= 0.7 xp(£) = 1.0000 — 0.3000 exp(—0.316z) 
Xoo = 0.2 xe(Z) = 1.0000 — 0.8000 exp(—0.012£) 
by the Inearly position dependent effective diffusivity method: 

xp(f) = 1.0000 — 0.3000 ( 1—0.0221¢)* 

= 1.0000 — 0.8000 ( 1—0.0221¢)°-* 
p= 2 by the exact method: 
2, = 0.6665 + 0.4189 exp(—0.212¢) — 0.8854 exp (—0.871Z) 
fp = 45 X9(¢) = 0.6665 — 0.2715 exp(—0.212¢) — 0.1950 exp (—0.871Z) 
15 by the constant effective diffusivity method: 
Xpo = 0.2 xp({) = 0.6667 — 0.4667 exp(—1.5447) 
Xoo = 0.2 = 0.6667 — 0.4667 exp(—-0.5152) 

by the linearly position dependent effective diffusivity method: 

xp(£) = 0.6667 — 0.4667(1—0.13047) "= 

= 0.6667 — 0.4667(1—0.1304z)* 
p=2 by the exact method: 
*o(£) = 1.0000 + 0.1042 exp(—0.122¢) — 0.7042 exp(—0.453¢) 
fp = 3.0 x9(f) = 0.5000 — 0.0711 exp(—0.122¢) — 0.1289 exp (—0.453Z) 
to — 2:5 by the constant effective diffusivity method: 
Xpp = 0.4 xp({) = 1.0000 — 0.6000 exp (—0.448¢) 
Xoo = 0.3 = 0.5000 — 0.2000 exp(—-0.565¢) 


by the linearly position dependent effective diffusivity method: 
%p(£) = 1.0000 — 0.6000(1 +0.1081¢)-* 
= 0.5000 — 0.2000(1 +0.1081¢)-**” 


effective diffusivity linearly dependent 
on position are shown in Table 2. 
These profiles are plotted in F igure 5. 
Because profiles calculated by the 
method of effective diffusivity, linearly 
dependent on concentration, cannot be 
expressed explicitly, they are not 
shown in Table 2. 

Certainly the expressions used here 
for the heterogeneous reaction rates at 
the wall are idealized expressions. 
More general expressions should take 
into account the adsorption and de- 
sorption mechanisms which occur at 
the surface. 
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NOTATION 


a,b = number of moles 

Ar, Bp, Cp = dimensionless constants 
defined in Equations (22 a, 
b, c) 
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e = molar density (moles cm.~); 
c = p/RT 

Di; = binary diffusion coefficient 
for the gas pair i-j (cm? 
sec.) 

Din = effective binary diffusion co- 


efficient for i into a mixture 
of the other components (sq. 
cm. sec”) 

h = order of chemical reaction 

k, = reaction rate constant for hth 
order reaction (mole cm” 
sec.) 

K = dimensionless quantity de- 
fined in Equation (14) = 
k,8/CDans 

K, = dimensionless quantity de- 
fined in Equation (26) = 
k,8/cDpe 

M, N, R = dimensionless constants de- 

fined in Equations (13 a, b, 

c) 

mass transfer rate 

mole flux of the i component 

with respect to stationary 

axes (mole cm.~sec.*) 

= number of moles 

= total pressure 

q = number of moles 

» Q = components P and Q 

Q = dimensionless quantity = 
(1 — — x0) 

, = ratio of binary diffusivity de- 
fined in each case 

R = gas constant 

S, = dimensionless constants de- 

fined in Equations (24) and 

(31) 

T = absolute temperature 
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X, Y, Z = dimensionless constants de- 
fined in Equations (28), 
(29), and (30) 

Xi = mole fraction of the ith com- 
ponent 

ye = distance into film, (cm.) 


Greek Letters 


iy = dimensionless 
exp, Vij 

= constant defined in Equation 

(62) 

thickness of gas film 

constant defined in Equation 

(40) 

z/8 = dimensionless  dis- 

tance coordinate 

total number of chemically 

distinct species in a multi- 

component gas mixture 

Vij = dimensionless 

N.8/cDi; 


quantity = 


Subscripts 


A, A,, B, C, P, Q, = quantities per- | 


taining to components in 
multicomponent mixture 

= quantity pertaining to the 
ith species in multicompo- 
nent mixture 


0 = quantity evaluated at z = 0 
8 = quantity evaluated at z = 6 
0 = zero root (with s) 

e = equal root (with s) 

+ = positive root (with s) 

— = negative root (with s) 
Superscript 

0 = the known average quantity 
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COMMUNICATIONS TO THE EDITOR 


Turbulent Diffusion and the 
Multicomponent Reynolds Analogy 


An understanding of mass transfer in 
a turbulent multicomponent fluid neces- 
sitates some knowledge of turbulent 
diffusion in such a fluid. In this paper 
equations for turbulent diffusion in a 
multicomponent fluid will be developed 
and used to derive the multicomponent 
Reynolds analogy. 


TURBULENT DIFFUSION 


Consider transfer in a highly turbu- 
lent fluid where the flux due to molec- 
ular diffusion is negligible compared 
with the turbulent flux. The flux with 
respect to a fixed coordinate system 
may be written as the flux with respect 
to a coordinate system moving at the 
mean molar velocity plus the convec- 
tive flux due to the moving coordinate. 
The flux with respect to the moving 
coordinate is caused by the turbulent 
mixing and, as ina binary system, may 
be assumed to be minus the product of 
a turbulent diffusivity, which is a func- 
tion of the local conditions of turbu- 
lence, and the local gradient of the 
time mean concentration (1). For one 


. dimension 


4 


d 
N. =Ny. — 1,2..." (1) 


x 


One of the above equations is not in- 
dependent, and all the quantities used 
here are the usual time-averaged ones. 

If Equation (1) is summed over all 
components, one obtains 


dy, 
2 
(2) 


so the two turbulent diffusivities in a 
binary system are always equal and 
any interaction between the molecular 
and turbulent diffusivities [of the type 
considered by Jenkins (4) for example] 
merely makes the single turbulent dif- 
fusivity a function of the single mo- 
lecular diffusivity. In a multicompo- 
nent system in which the molecular 
diffusivities are unequal, however, any 
interaction between the molecular and 
turbulent diffusivities would not only 
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make the turbulent diffusivities func- 
tions of molecular diffusivities but 
would make the turbulent diffusivities 
unequal. 

If transfer takes place entirely by 
turbulent mixing, as assumed for ex- 
ample in mixing-length theories, then 
the ¢, are independent of molecular 
diffusivity and are all equal. Since this 
condition is approximately realized in 
binary systems where experiment and 
theory indicate that the effect of mo- 
lecular Schmidt or Prandtl number on 
turbulent diffusivity is not large (7), 
it seems reasonable, at least as a first 
approximation, to assume that the same 
condition holds in multicomponent sys- 
tems, «; = e¢, for all i. 

If it is further assumed that the pres- 
ence of the flux N does not affect « 
(this is equivalent to assuming that 
the velocity N/C is small enough so 
that its effect on the turbulence is 
negligible), then « is fixed by the ordi- 
nary hydrodynamics and is independ- 
ent of the number of species. 

With = Equation (1) becomes 


dy. , 
= Ny — 


x 


n—l 
(3) 
There are of course other ways in 

which the eddy diffusivity could be 

defined, in terms of the mean mass 
velocity instead of mean molar veloc- 
ity for example (1). However in dilute 
systems all definitions are essentially 
equivalent, and in concentrated sys- 
tems the differences among the con- 
clusions obtained by use of different 
definitions are probably less than the 
unknown coupling of the diffusion 
equations with the equations of mo- 
tion. The present choice of a molar 
frame of reference leads to the simplest 
equations for gases, and the assump- 
tion that « in Equation (3) has the 
same values as in a dilute binary fluid 
should give, at the worst, the correct 
magnitude of the transfer. In dilute 
mixtures the assumption should be 
very reliable. 

Equation (3) is the same as the 

Maxwell-Stefan diffusion equation (5) 


A.1.Ch.E. Journal 


H. L. TOOR 


Carnegie Institute of Technology 


for a system in which all the binary 
diffusion coefficients are equal to ¢; 
therefore the solutions to Equation (3) 
also apply to the nonturbulent system 
in which all the diffusion coefficients 
are equal. 

In equimolal transfer N is zero 
and from Equation (3) the flux of 
each component in an n component 
mixture follows the same equation as 
in binary equimolal transfer, so none of 
the multicomponent molecular diffu- 
sion phenomena which have been de- 
scribed earlier occur here (10). 

When one gas is stagnant, species n 
for example in an n component mix- 
ture, it follows by summing Equation 
(3) over the nonstagnant species that 
the total flux is given by 


C dy, 
(4) 
y, dx 


which is a generalization of the equiva- 
lent binary equation. In the binary 
case N is the flux of the single non- 
stagnant species, but in an n compo- 
nent system N is the sum of n—1 fluxes. 


Combining Equation (4) with Equa- 
tion (3) yields an explicit equation for 
the separate fluxes: 


d(y:/Yn) 


N,=—Cy d 
x 


i= 1,2...n—1 
(5) 


In the general case y, is of course the 
sum of the mole fractions of all the 
nonstagnant gases. 


INTEGRATED FORMS FOR STEADY 
STATE TRANSFER 


In the following development the 
molar density is taken as constant. For 
one-dimensional steady state transfer, 
when there is no flow normal to x, all 
the fluxes are independent of x and 
Equation (3) can be directly inte- 
grated. A more general integration can 
be carried out if one considers the case 
where the fluxes all vary with x in the 
same manner: 
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N, 


= f(x) (6) 


Cases in which Equation (6) may hold 
will be discussed later. Combining 
Equation (6) with Equation (3) and 
integrating from 0 to L, one obtains 


C NwYir—Niw 
L n ~=1,2...n 
(7) 
where 
(x)dx 
€ € 


Equation (7) is indeterminate, and one 
more condition is required to allow 
solution for N,,~. When there is equi- 
molal transfer, N,, = 0 and the solution 
is 


eC 
Niw CL) (Yio—Yix), 152 (9) 


4 


which is the same equation as obtained 
in a binary mixture. 

When one or more components are 
stagnant, the total flux integral ob- 
tained from Equation (4) is 


«C Yui 


nL Yno 
L 


Yno . L ( Yn ) m 
(10 


and if this is combined with Equation 
(7), the separate fluxes are obtained: 


N ee eC Yno (8 
(Yn) m ye), 
i=1,2...n—1 (11) 
where 
8. = (12) 
Yno 


The above results indicate that re- 
verse diffusion and related phenomena 
which occur in multicomponent gase- 
ous diffusion (10) can occur in turbu- 
lent multicomponent diffusion when 
there is a stagnant species but not in 
equimolal transfer. For a binary mix- 
ture Equation (11) reduces to the 
well-known form, and the effect of the 
bulk merely introduces the (y:)» term 
(8). 

It is important to note that the pre- 
dicted interaction effects in turbulent 
diffusion are generally smaller than in 
molecular diffusion and are due to the 
bulk flow caused by the diffusion; 
therefore they disappear in equimolal 
transfer. In molecular diffusion the 
interactions, when one gas is stagnant, 
are a combination of interactions caused 
by differences in diffusion coefficients 
and flow interactions, and in this case, 
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even in equimolal transfer, the inter- 
actions remain (10). 


REYNOLDS ANALOGY 


Mass transfer to a turbulent fluid is 
described by the combination of Equa- 
tion (3) (suitably generalized) with a 
differential material balance, but most 
binary analogy calculations _ have 
avoided the necessity of solving the 
resulting equation by assuming the 
manner in which the flux varies with 
radial position. Since the absolute 
value of the radial flux must vary from 
a maximum at the wall of, say, a tube 
to zero at the center, a linear approxi- 
mation to f(x) in Equation (6) is cor- 
rect in the limits, 


N,; 
d 


It can be shown for the binary case 
that for a constant flux at the wall this 
linear form is a good approximation 
(3). (Since binary equimolal and di- 
lute binary transfer with the nondilute 
gas stagnant are both equivalent to 
heat transfer, results will be quoted 
without necessarily making any dis- 
tinction.) Furthermore it has also been 
shown that away from the tube inlet 
and for all but the lowest Schmidt 
numbers (and consequently for all 
binary mass transfer) the wall concen- 
tration distribution has little effect on 
the mass transfer coefficient (9). Thus 
the multicomponent mass _ transfer 
problem will be attacked by consider- 
ing mass transfer to a turbulent fluid 
moving in a tube under such condi- 
tions that there is a constant wall flux 
for all species. 

The question immediately arises as 
to whether Equation (13) is as valid 
ina multicomponent system as in a 
binary one. In equimolal _ transfer, 
where there is no difference between 
multicomponent and binary transfer, 
the binary results are valid for each 
species, and so Equation (13) should 
be a good approximation for all com- 
ponents, This argument breaks down 
near the wall, where molecular diffu- 
sion is controlling, but can be replaced 
there by the argument that the flux 
cannot vary significantly in a thin film. 

A more rigorous and more general 
argument, similar to that used by 
Churchill and Balzhiser (3) for heat 
transfer, is possible. For steady state 
transfer in a tube with radial symmetry, 
a material balance with axial diffusion 
neglected yields 

C d(u(x”) 1 


OZ Ox” 


(14) 
If the system is relatively dilute in dif- 
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fusing species, then u can be taken as 
approximately constant with Z, and in 
the limit of a long tube with a constant 
wall flux for all species (the limit con- 
sidered, usually implicitly, in binary 
systems) the concentration profiles 
change slowly; so dy:/dZ can be taken 
as independent of x” and equal to 
dy./dZ. With these assumptions Equa- 
tion (14) is similar to the analogous 
heat transfer problem, and integration 
and substitution of a material balance 
which neglects variations in axial vel- 
ocity yields 


(15) 


which is essentially the same equation 
as obtained for heat transfer (3). Con- 
sequently for fluids which are not too 
concentrated the variation of Ni/Niy 
with radius depends only upon the vel- 
ocity profile, is the same for all species, 
and is the same as in heat transfer or 
in binary mass transfer. This variation 
is found to be close to linear (3) when 
a normal turbulent velocity profile is 
substituted into Equation (15). 

By earlier assumptions the eddy dif- 
fusivity of mass has the same values 
in a multicomponent system as in a 
binary system when the hydrodynamics 
are the same in both cases. Since the 
eddy diffusivity of mass in a binary 
system is approximately equal to the 
eddy diffusivity of momentum, Equa- 
tion (8) with the linear flux variation, 
the normal shear-stress relationship, 
and a force balance becomes 


5" du (16) 
Tw 


and L. — L, = L. 


The Reynolds analogy is obtained 
when the turbulence is assumed to ex- 
tend to the wall so the velocity at L, 
is zero, when L, is taken as the radial 
position where the local velocity has 
the same value as the mean velocity, 
and when it is further assumed that at 
this latter point all the local concentra- 
tions have the same values as the bulk 
mean concentrations. Then 


(17) 
we 


Subscript L now refers to the bulk con- 
centration, subscript o becomes sub- 
script w, and subscript w refers to the 
flux at the wall. Equation (7) becomes, 
for example, 


). 
2 NwYiw—Ni w 


(18) 
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and this is the multicomponent Reyn- can be used for mass transfer if the duces to « when the diffusiv- 
olds analogy. righthand side is corrected for the ef- ity is ~onstant 
en as Even though the Reynolds analogy — fect of Schmidt number by multiplying = mass density, lb.-mass/cu. 
nd in neglects the molecular diffusion which by the average Schmidt number to the ft. 
istant takes place adjacent to the boundary —2/3 power: Subscripts 
| con- between a turbulent fluid and another f N.yi—N, i = species i 
inary phase, it is a good approximation for Nw = Gm (Nee) m = log mean 
files mass transfer in a binary gas because - : NwYiw—N iw n = species n 
taken the Schmidt number in gases is close $= 1,2...n (19) w = position w or wall 
al to to 1 and the molecular diffusion equa- lamest wig nr 0, = positions in x coordinates 
Ei qua- tion in a binary gas is of the same form i a a sey M ae moles/cu. ft. L,,L, = positions in x’ coordinates 
ogous as the turbulent-diffusion equation. In : 
ration multicomponent gases the molecular- Fanning friction factor 
squations c: f(x) = function of x . Bird, R. B., W. E. Stewart, and E. H. 
lance diffusion equations can differ consider- 7, : Lightf “Notes > 
G, = molar mass velocity, moles/ ignttoot, Notes on Transport Phe- 
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ever in a liquid in which there are = walls Symposium Ser. No. 25, 55, 71 
‘iation negligible cross-diffusion effects, Equa- (1959) 
h x = radial distance from tube 
wor tion (1) describes molecular diffusion, paneer 8. , and R. L. Pigford, “Absorp- 
file is and if the molar density does not vary =. Sule itebiees tion and Extraction,” McGraw-Hill, 
dif too greatly and the various molecular 7 = axial distance, ft. ; New York (1952). so 
y diffusion coefficients are approximatel 8, interaction ter 
i PE 1 m 
values a aa Trans. Am. Soc. Mech. Enegrs., 79, 
Bis equal (all these conditions may be « = turbulent diffusivity, sq. ft./ 789 (1957) > 
amics | Satisfied in many systems), then, as hr. 10. Toor, H. L., A..Ch.E. Journal, 3, 198 
xe the in a binary system (2), Equation (18) = mean diffusivity which re- (1957). 
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Dear Editor: 


Baer and McKelvey claim to have 
proved that the lower condensation 
coefficients obtained with air present 
are the result of a higher resistance at 
the interface, rather than the result of 
diffusional resistance [A.I.Ch.E. 
Journal, 4, 218 (1958)]. The authors 
supported this conclusion by showing 
that their data could be represented by 
straight lines on the appropriate type 
of graph. However a typical set of data 
may appear to give straight lines on 
several plots, particularly if the data 
scatter slightly and do not cover a 
wide range. A straight line for the plot 
testing one theory does not rule out 
other theories. 

The authors said that diffusion ef- 
fects were negligible in their work be- 
cause straight lines and not curves 
were obtained on Figures 5 and 6, the 
plots drawn to test their theory. How- 
ever with only 6 to 8 points for each 
line, only a 1.5-fold range of abscissa 
values, and with an average error of 
about 10% of the range of ordinate 
values, it is possible that a slightly 
flexed curve would fit the data just as 
well or better. Rather than basing 
their conclusions on whether or not the 
graphs seemed linear, the authors 
should have prepared separate plots 
based on a linear form of the equation 
which did allow for diffusion. 

To test the diffusion theory the in- 
terfacial resistance would be assumed 
small and the heat flux expressed as 


h(t —t.) 


Z 


= hy(t;— t.) = 1k, (p — p:) 
If the mass transfer coefficient is con- 
stant, and if the driving force for dif- 


fusion, (p—p:), is assumed propor- 
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tional to the temperature difference, 
(t —t,), the equation becomes 


h(t—t,) = hy(t: —t.) = b(t—ti) 
or 


1 


hy b 


Since hy = C(q/A)~’, a plot of (1/h) 
vs. (q/A)™ is suggested, but this is 
exactly the same plot as the authors’ 
graph of (AT,/AT.) vs. which 
was used to test for interfacial resist- 
ance! The mass transfer coefficient 
would actually not be constant be- 
cause the natural convection would in- 
crease with increased heat flux, though 
this effect would be partially cancelled 
by the increase in the logarithmic 
mean pressure of the air in the diffu- 
sion layer. [For one-way diffusion, the 
Nusselt number becomes (k, D)/ 
(RT D,).] Even if the exact variation 
of k, with (q/A) were known, it would 
not be much help here; because of the 
scatter of the data the assumption of 
either a slight increase or a slight de- 
crease in k, with (q/A) would still 
give apparently straight lines on the 
corresponding graphs. The conclusion 
is that the relative importance of diffu- 
sion and interface effects cannot be 
determined by graphical manipulation 


1 
h 


EFrFrect OF AIR ON COEFFICIENTS FOR 
CONDENSATION 
Steam at 1 atm. condensing 
on a horizontal 3-in. cylinder 


Data of 


Theory Othmer 
At %Air h h/ho h 
10°F. 0 23900. 2:0 2,200 1.0 
2 0.19 0.32 
4 0.14 0.21 
6 0.10 0.15 
40°F. 0 1,500 1.0 1,300 1.0 
ve 0.30 0.44 
6 0.19 0.25 
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unless extremely accurate data and a 
more exact expression for the mass 
transfer rate are available. 

There is a reliable way to show that 
diffusion must be at least partly re- 
sponsible for the low condensing co- 
efficients obtained with air. The mass 
transfer coefficient is predicted from 
the correlations for natural convection, 
with a trial-and-error method used to 
estimate the interface temperature. A 
calculation for methanol condensing at 


atmospheric pressure shows that ‘the | 


presence of 1% air could lower the 
apparent film coefficient to 40% of the 
normal value. The turbulence created 
by the injection of vapor into the con- 
denser would generally make the mass 
transfer rate slightly higher than for 
natural convection, but not enough 
higher to eliminate the diffusion re- 
sistance completely. Since the authors 


did not include their complete data for | 


methanol, the coefficients of Othmer 
for steam-air mixtures (taken from Mc- 
Adams, “Heat Transmission”) were 
used for a detailed comparison of theo- 


retical and experimental coefficients. 


The measured coefficients are about 
50% higher than those predicted, with 
published correlations for mass transfer 
by natural convection used. Therefore 
the primary effect of air is probably a 
result of a diffusion resistance; this 
could easily be demonstrated experi- 
mentally by comparing the coefficients 
for natural and forced convection. To 
measure the interfacial resistance in 
the presence of air would require 
elaborate apparatus designed to mini- 
mize both the diffusional resistance 
and the resistance of the condensate 
film. 

Very truly yours, 
Peter Harriott 

Cornell University 
Ithaca, New York 


September, 1960 
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Entrainment and Extraction Efficiency of Mixer-Settlers 


In mixer-settler extraction systems 
the settlers are seldom completely ef- 
fective. Usually there occurs some en- 
trainment of light phase in the heavy 
one and of heavy phase in the light 
one. This entrainment is analogous to 
axial mixing in continuous columns, 
which has been treated in the literature 
(3,4). In this note a theoretical analy- 
sis is made of the effect of entrainment 
on the efficiency of countercurrent ex- 
tractors consisting of multiple mixer- 
settler stages with finite rates of mass 
transfer. 

The effect of entrainment on effi- 
ciency of extractors has been analyzed 
by Felix and Holder (2) for the case 
of mixers which operate at 100% effi- 
ciency, that is, infinite mass transfer 
rate. Their results however are unreal- 
istic since their Equation (21) yields 
zero extraction for infinite internal en- 
tranment rate. Such an extractor is 
actually equivalent to one stage. The 
difficulty can be traced to their bound- 
ary condition, which should be replaced 
by a balance around the first stage. 

The present problem is closely re- 
lated to that of the effect of entrain- 
ment on the efficiency of plate absorb- 
tion towers and _ distillation columns, 
which was investigated in the 1930's 
by several authors (1). The problem 
of entrainment in extractors differs 
principally in that there is entrainment 
of two phases rather than one. Further- 
more the solution presented here is for 
the effect of entrainment on the over- 
all efficiency of extractors, whereas the 
distillation work concerned the effi- 
ciency of individual plates. 


Cc. A. Sleicher, Jr., is now with the University 
of Washington, Seattle, Washington. 


C. A. SLEICHER, JR. 


Shell Development Company, Emeryville, California 


DESCRIPTION OF EXTRACTOR 
MODELS 


Figure 1 shows the extractor sche- 
matically and identifies symbols. The 
liquids leaving the first and last settlers 
go to after settlers or to purification 
equipment of some kind which returns 
entrained liquid to streams entering 
the mixers. Solute is transferred from a 
raffinate phase that passes countercur- 
rent to the solvent phase. Each of the 
phases from a settler is contaminated 
with entrainment of the other phase. 
Note that f is expressed as a fraction 
of Q,; similarly s is a fraction of Q.. 
In this note “entrainment”, when used 
quantitatively, refers to f and s and 
not to entrainment holdups. 

From each settler at very high en- 
trainment rates the concentrations of 
solute in the solvent leaving in the sol- 
vent phase and leaving as entrainment 
in the raffinate phase from each settler 
would be about the same. Similarly the 
concentration of solute in the raffinate 
phase entrained with the solvent stream 
would be equal to that in the raffinate 
leaving in the raffinate stream. At very 
low rates of entrainment however the 
entrained drops would be small and 
nearly in equilibrium with the entrain- 
ing phase. Because of this difference 
calculations have been made for two 
models. The model for high entrain- 
ment rate is called Model 1, and the 
principal assumptions for it are the 
following: 


1. The amount of entrainment in a 
given phase is the same from each 
settler. 

2. The solvent and solute-free raffi- 
nate are immiscible (or their solubility 


TABLE 1. REPRESENTATIVE RESULTS OF MODEL 1 


N'= 
F f s t 
0.25 0.1 0.1 1 
0.25 0.1 0.1 10 
0.25 0.1 0.1 2% 
0.25 0.1 0.4 x 
0.25 0.4 0.1 20 
0.25 0.4 0.4 20 
1 0.1 0.1 1 
1 0.1 0.1 10 
1 0.1 0.1 20 
1 0.1 0.4 20 
l 0.4 0.4 20 
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6 


E. E. 

0.9926 0.95 0.32 
0.9989 0.87 0.72 
0.9994 0.83 0.83 
0.9958 0.62 0.62 
0.9988 0.76 0.76 
0.9943 0.58 0.58 
0.980 0.95 0.47 
0.979 0.87 0.80 
0.978 0.86 0.86 
0.948 0.72 0.72 
0.923 0.63 0.63 
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does not vary with solute concentration 
and hence stage number). 

8. The volume rates of solvent and 
feed phases do not change from stage 
to stage. 

4. The distribution coefficient (equi- 
librium ratio) is constant; that is it is 
not a function of concentration. 

5. Coalescence and redispersion of 
the dispersed phase and mixing of the 
continuous phase in the mixer is so 
rapid that the solute concentration is 
uniform throughout each phase. 

6. The rate of mass transfer in the 
mixer is given by Kav (x, — my,). Kav 
is assumed to be the same for every 
mixer. 

7. All mass transfer takes place in 
the mixer. 

For Model 2 all assumptions are the 
same as for Model 1 except assumption 
7. At the low rates of entrainment 
ascribed to Model 2 enough mass 
transfer is assumed in the settlers to 
allow the drops to reach equilibrium 
with the entraining phase. For this 
model, then, assumption 7 is the en- 
trainment that leaves with each bulk 
phase from the settler is in equilibrium 
with that bulk phase. 

This condition means that some mass 
transfer takes place in the settlers and 
that therefore the composition of the 
feed that leaves as entrainment with 
the solvent stream is different from the 
bulk concentration of the feed or raffi- 
nate stream from any settler. 


THE ANALYSIS AND ITS RESULTS 


The extractor models can be de- 
scribed by the difference equations 
formed from appropriate material bal- 
ances. These equations and their end 
conditions can be written in terms of 
the dimensionless variables f, s, N, F, 
t, ¥,, and F,. 

As in reference 4 the solution is ex- 
pressed in terms of ¥,. It varies from 0 
at the feed inlet stream to a possible 
maximum at the outlet of 1, which oc- 
curs when the raffinate is in equilibrium 
with the incoming solvent. 

The solution of the difference equa- 
tion for Model 1 is 


= Cy + CAL Crs Cs" ( 1) 
where the \ are the roots of 
f(l+s)¥—[(1 +s) (1+?) 


+f(2+3s+Ft) (1+Ft) 
+s(24+ 3f+t)]A=s(1+f) (2) 
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The four constants of Equation (1) 
are determined from four end condi- 
tions, which are found by writing mate- 
rial balances for each phase at each 
end of the column. In writing these 
end conditions the after settlers are 
designated 0 and N+1. Observe that 
from the viewpoint of Mixer 1 the 
influent feed has composition x,, and 
for Mixer N the influent solvent has 
composition yy. The end conditions 
are then 


Dimensionless form 
(3) 
( +f) Vo 

(4 


Dimensional form 


xi xo 


yy 


(5) 
yitsyx=(14+8) 
(6) 


Equations (3) and (5) specify that 
no mass transfer takes place in the after 
settlers, and Equations (4) and (6) 
specify the composition of the feed to 
stage 1 and of the solvent to stage N, 
respectively. 

Substitution of Y from Equation (1) 
into Equations (3) through (6) yields 
four linear algebraic equations that can 
be solved for the constants C,,. These 
equations will be designated by the 
numbers (7) through (10). 

For special cases the solutions are 
much simpler than the general solution 
represented by Equations (1), (7), 
(8), (9), and (10). Listed below for 
reference are solutions for particular 
cases of interest. 


RAFFINATE 


TOTAL FLOW OF SOLUTE = ¥> 
(1+f)Q¢ xn + S Qs Yn 
TOTAL FLOW OF SOLUTE = 
(1+s)Qg yn + f Qe Xn 


f,s = ENTRAINMENT RATE 
EXPRESSED AS A 
FRACTION OF THE 
INLET FLOW RATES 
OF THE FEED AND 

- SOLVENT RESPECTIVELY 


Qs Yo 


For equilibrium in the mixer 
where \ = (F + fF + s)/(1+fF +s) 
and when F = 1] 


f+s+n 


(12) 
2(f+s)+1+N 
With no entrainment 
1 
Vv, = (13) 
— 1 
where } = (1 + Ft)/(1 + t) 
and when F = 1, 
tn 
(14) 
1+t+tN 


With no entrainment and equilib- 
rium in the mixer 


(15) 
and when F = I, 
n 
v, = (16) 
For infinite entrainment of both 
phases 
Nt 
VY, = WV, — 
1+ Nt + FNt 


(17) 


The equations for the general case 
were solved on a digital computer for 
about 800 combinations of the five 


SOLVENT (y) PHASE 
—— Q, = FLOW RATE 
1 yy = CONCENTRATION 


TOTAL FLOW OF SOLUTE = 
(1+8)Qs + Xn41 


~ TOTAL FLOW OF SOLUTE = 
(1+£)Q¢ + S Qs Yn-1 


FEED (x) PHASE 
= FLOW RATE 
xj = CONCENTRATION 


Fig. 1. Nomenclature for staged extraction, Model 1. 
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parameters in the following range: 
3=N=10,0.25< F< 4,0.3 <t< 0, 
0 <f ands < 0.8. Table 1 gives some 
representative results. The settler effi- 
ciency E, is defined by N,/N, where 
both N, and N reflect the same t, F, 
and Wy. It was found that the settler 
efficiency is only weakly dependent on 
N and F and is more strongly depend- 
ent on t at low F. The magnitude of E, 
is of particular interest. For example 
with F = 1 and N = 6, 10% entrain- 
ment of each phase yields a settler eff- 
ciency of 0.86 to 0.95, and 20% en- 
trainment yields 0.77 to 0.89. These 
entrainment rates are quite high, and 
yet the efficiency is decreased by at 
most 23%. Jt is not until the entrain- 
ment of each phase reaches 0.4 that 
the stage efficiency falls below 60%. 
The over-all efficiency is of course 
strongly dependent on the rate of mass 
transfer (expressed by ft) as well as 
entrainment. Throughout most of the 
studied range of parameters the settler 
efficiency is correlated within 5% by 
the following empirical equation: 


log F + (N~ 1) log’ (18) 
N log F 


¢ 


where 
F+E,,(F f+s) 
1+E,, (F f+s) 
For F = 1 this simplifies to 
N + En(f +8) 
N+NE,(f +5) 


Here E,, is the efficiency of a single 
mixer, Ft/(1 + Ft). It is easily shown 
that this expression for the mixer effi- 
ciency is equivalent to the Murphree 
plate efficiency of a distillation column. 
Equation (18) is exact for the case of 
t = o and is proposed in place of 
Equation (22) of reference 2. 

For the over-all efficiency it was 
found that multiplying the _ settler 
efficiency by an over-all mixer efficiency 
gives an adequate correlation. The 
over-all efficiency of an extractor with 
no entrainment is equal to the mixer 
efficiency only when the extraction 
factor is unity. In general 


1 1 + Ft 


E 


= (19) 


log F 
This equation multiplied by the set- 
tler efficiency correlates the over-all 
efficiency within 10% throughout most 
of range of parameters investigated; 
that is 
E, = E.Emo (20) 


Equations (18), (19), and (20) af- 
ford a means of.calculating the num- 
ber of actual stages of a mixer-settler 
extractor from the entrainment and 
mass transfer rates. 


September, 1960 
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Model 2 

The difference equation for Model 2 
is of second rather than fourth order. 
Its solution is 


FH)" — J 

where 
H=1+fF+s 
J=F+fF+s 


ticular if an extractor has low efficiency, 
measurements of entrainment from the 
settlers will establish whether the low 
efficiency is caused by the entrainment 
or by poor mass transfer in the mixers. 

The major conclusion to be drawn 
from this work is that high entrainment 
rates have relatively little effect on the 
efficiency of mixer-settler extractors. 
When such extractors have poor effi- 
ciency, it is therefore more likely to be 


H[F (1+f+s) +] (Ft+fFt+st+s-+2fs) ] 


(142s) + (1+s)?(1+2f) ] 


Only a few calculations were made 
for Model 2 because it became evi- 
dent that at entrainment rates in the 
range of validity of the model (prob- 
ably f and s of 0.1 or less) the entrain- 
ment has little effect on extraction. 
When equilibrium is reached in the 
mixer, both models give the same re- 
sult. For other cases the extent of ex- 
traction is always greater for Model 2 
because of the mass transfer in the 
settler. 


USE OF THE ANALYSIS AND 
CONCLUSIONS 


This analysis will find utility in the 
design of settlers, for it suggests that 
settlers other than after settlers are 
sometimes over-designed. If there are 
no complicating consequences of en- 
trainment, such as the formation of 
stable emulsions, entrainment rates as 
high as 10% are rarely consequential. 

The results will also be useful for 
interpreting experimental data. In par- 


caused by low mass transfer rate than 
by entrainment from the settlers. This 
suggests that efficiency of some mixer 
settlers might be improved by operat- 
ing the mixers at higher rates provided 
that (1) there occurs no deleterious 
effect such as the formation of stable 
emulsions and (2) the capacity of the 
after settlers is adequate. If after set- 
tlers are not used, then improvement 
might be obtained without excessive 
entrainment in the effluents by increas- 
ing the mixing rates in all but the first 
and last mixers. 


NOTATIONS 

E, = entrainment or settler effi- 
ciency, N,/N 

Ee = Murphree efficiency in dis- 


tillation or mixer efficiency 

in extraction, Ft/(1 + Ft) 
Ey. = over-all efficiency of a column 

with no entrainment [see 


Equation (19) ] 


E, over-all efficiency, N,/N 

F = extraction factor, mQ,/Q, 

f fraction of Q, entrained in 

the solvent phase from a 

settler 

Kav = product of a mass transfer 
coefficient and the interfacial 
area per mixer 

N = number of actual stages 

N, = number of stages to effect a 
given extraction with no en- 
trainment 

N, = number of theoretical stages 

Q, = flow rate of feed phase to 
extractor 

Q. = flow rate of solvent phase to 
extractor 

Ss = fraction of Q, entrained in 
the feed phase from a settler 

= Kav/Q, 

x = concentration of solute in 

feed or raffinate phase 

concentration of solute in 

solvent phase 

Vv, = dimensionless concentration 
of feed phase, (x,—x,)/ 
(x; — my;) 

Vx/Vyo= f, F, t, N)/¥(0, 0, F, 
t, N) 

ry = dimensionless concentration 
of solvent phase, (yn, — y:) 
Q./ (x: — my:)Q, 
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Evolution of the Unit Operations, War- 
ren K. Lewis. The technological achieve- 
ments of the profession in America 
during the last half century have been 
impressive. No small part of the credit 
is due to the training the young engi- 
neer has received. The emphasis on 
basic science has given the under- 
standing of inner mechanisms and the 
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analytical ability to foresee and plan 
for ultimate results. The unit operations 
approach has _ stimulated _ technical 
imagination and has shown the way to 
the transfer of experience acquired in 
one area to others which sometimes 
seemed unrelated. Moreover, making it 
possible to reduce coverage of detail 
without sacrifice in breadth has re- 
sulted in training in greater depth. The 
foundations laid by the educational 
pioneers have proved sound and de- 
pendable. Development of Chemical 
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Engineering at the University of Mich- 
igan, Donald L. Katz. The sixty years 
of chemical engineering education are 
surveyed for the influences that have 
dominated the curriculum. As in most 
schools, at Michigan the birth of this 
new branch of engineering was due 
largely to teachers of chemistry. The 
association of the faculty with indus- 
trial processes drew the teacher into 
research on engineering problems and 
provided the stimulus for new engi- 
neering courses. The evolution of the 
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curriculum is traced from one consist- 
ing primarily of chemical technology 
through the development of engineer- 
ing science to the current program, 
characterized as the era of design. New 
concepts now under discussion are 
likely to be introduced very soon. 
Present Status of the Unit Operations, 
William Licht. The concept of the unit 
operations is a unique American con- 
tribution to the development of the 
chemical engineering profession. The 
coinage of the neat phrase unit opera- 
tions about 1915 served to distinguish 
concisely the area of activity of this 
kind of engineer in industry, helped 
him to become freed of his earlier 
identification as a composite mechani- 
cal-engineer-chemist, and speeded rec- 
ognition of the new young branch of 
engineering as an independent discip- 
line in its own right. It also became 
the focal point around which the teach- 
ing of chemical engineering was organ- 
ized for many years. A Definition of 
Chemical Engineering and a Few Im- 
plications Regarding Chemical Engi- 
neering Education, Seymour Calvert 
and H. Benne Kendall. With a defini- 
tion of engineering and a concept of 
the process of thinking and learning, a 
few implications have been drawn as 
to the nature of the “average” engi- 
neer and the most effective method 


for teaching him. The essential parts of 
an undergraduate curriculum have 
been considered and a_ conclusion 
drawn that not much significant varia- 
tion can be made in its content. The 
Engineering-Science Approach in the 
Teaching of Chemical Engineering, 
W. H. Corcoran. The goal of the engi- 
neering-science curriculum is to pre- 
pare the chemical engineer for the 
broadest approach to his professional 
career. After training in engineering 
science the chemical engineer should 
have the ability to begin fruitful work 
in research, development, or produc- 
tion in any industry concerned with 
physical and chemical changes. The 
broadest foundation will be found in 
mathematics, physics, and chemistry; 
engineering-science training may be 
considered as directed primarily toward 
the development of facility in the 
application of those sciences to the 
basic problems of chemical engineer- 
ing. Graduate Work in Chemical Engi- 
neering, Kenneth A. Kobe. The only 
quantitative measure of graduate work 
in chemical engineering in the United 
States is the number of degrees granted. 
The approximate ratio of 19:4:1 for 
B.S.:M.S.:Ph.D. degrees shows the ex- 
tent to which engineers enter graduate 
work. The fact that five sixths of the 
engineering schools give the master’s 


degree and half give the doctorate 
makes it worthwhile to examine the 
requirements that the various schools 
have for their graduate degrees. Chemi- 
cal Engineering Education the 
Graduate Level, A. B. Metzner. This 
paper is based on the hypothesis that 
graduate education should not consist 
of simply an extension of undergraduate 
work to mask any deficiencies therein, 
but instead should provide a rigorous 
and mechanistic analysis of the funda- 
mental scientific factors underlying the 
processes of engineering interest. Pro- 
per analysis of a research problem 
would constitute the core around which 
the program would be built. Recog- 
nizing the diversity of the industrial 
opportunities to which chemical engi- 
neers may be attracted, a well-rounded 
department offering graduate education 
must be able to provide research op- 
portunities in a number of different 
areas. Work in these specialties, how- 


ever, should never degenerate to de- | 
scriptive discussions of present (or | 


past) industrial processes and should 


consist primarily of instruction offered | 


by the appropriate science departments 
rather than by engineering instructors. 
A Look into the Future—Technical 
Study Course Sponsored by the Local 
Section, A. G. Gibson, W. R. Manning, 
(Continued on page 6S.) 


Wily BOOKS 


THEORY OF THERMAL STRESSES 


TRANSPORT PHENOMENA 


By R. B. Birp, W. E. Stewart, and E. N. Licut- 
Foot, all at University of Wisconsin. Treats 
transport phenomena as a distinct subject in 
engineering science. Gives parallel coverage 
to three analogous transport processes: mo- 
mentum transport (flow of viscous fluids) ; 
energy transport (flow of heat); mass trans- 
port (flow of chemical mixtures in species). 
1960. 780 pages. $13.75. 


PRINCIPLES OF UNIT OPERATIONS 


By A. S. Foust, L. A. WENZEL, C. W. CLuUMpP, 
L. Maus, and L. B. ANDERSEN, all of Lehigh 
University. Offers a new presentation of unit 
operations. They are presented as unified 
groups of operations stemming from identical 
fundamentals. 1960. 578 pages. $15.00 


THE ANALYSIS OF VARIANCE 


By Henry ScHeEFFE, University of California. 
The only unified presentation of theory, in- 
cluding the geometry. It is a true key to prac- 
tical use of the subject, requiring only a lim- 
ited background in mathematics and statistics. 
1960. 447 pages. $14.00 


By B. A. Botey and J. H. Werner, Columbia 
University. A primer on thermal stresses in 
various structural situations, from principles 
to practical analyses. Includes: elastic, inelas- 
tic problems; heat transfer theory as an ele- 
ment of thermal stress analysis; approximate 
analytical methods in the light of more exact 
theory; theory of heat conduction. 1960. 586 
pages. $15.50 


THE NATURE AND PROPERTIES 
OF ENGINEERING MATERIALS 


By Z. D. JASTRZEBSKI, Lafayette College. Much 
more basic than the usual treatment, this 
book stresses materials from the engineering 
viewpoint, with realistic and practical appli- 
cations. 1959. 571 pages. $11.00 
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(Continued from page 4S.) 
and R. E. Pyle. The study-course pro- 
gram is a practical method of stimu- 
lating the engineer to continue his 
education. It offers the section member 
a low-cost medium whereby the chemi- 
cal enginer can continue his profes- 
sional development throughout his 
industrial career. A Curriculum Organ- 
ized by an Industry and a University, 
David H. Morgan. One notes today a 
great and growing interdependence of 
American social institutions. Industry, 
business, labor, education, government, 
all have a common concern—lifeblood 
in the form of new personnel to move 
forward in a rapidly changing social 
order. As a case in point, this paper 
submits curricula organized, built, and 
operated by the joint efforts of indus- 
try and education. An Advanced Train- 
ing Program of a Specialized Industry, 
John J. Merrill and Harrison M. Lav- 
ender. Three principal areas for con- 
tinuing education in chemical engi- 
neering in industry are discussed: the 
technical, supervisory, and manage- 
ment areas. Each of these areas is 
presented in terms of its functions, its 
educational needs, and the methods 
used for providing the necessary edu- 
cation. From this description of the 
present situation the authors go on to 
discuss trends and to forecast briefly 
future requirements for continuing 


education. Much of the material pre- 
sented is developed directly from suc- 
cessful practices of the Standard Oil 
Company of California and its research 
subsidiary, California Research Corp- 
oration. lt is believed that the material 
presented applies quite generally to 
most large oil companies and with 
some limitations to most other proces- 
sing industries employing large num- 
bers of chemical engineers. Education 
for Engineers—Training for Mobility, 
Carl H. Elliott. The story of Socony 
Mobil’s continuing education of chemi- 
cal engineers is one which varies from 
location to location. The laboratory 
story is different from the story in the 
refineries, and the story in the research 
and development laboratories varies 
from that in the technical service lab- 
oratory. A look into the future reveals 
the complex and increasingly broad 
role that engineers will play in a 
scientifically oriented, industrial society. 
The author’s beliefs in this direction 
stem from his recent experiences, first 
on the staff of the technical extension 
division of a major engineering school 
where the work was quasiinstructional 
and quasiconsultative in the fields of 
management organization, human re- 
lations, and industrial psychology, and 
second from present observations of 
the engineer in field locations and also 
from the over-all Socony Mobile view. 
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